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Preface

In the future, many modern materials will be increasingly based on the assembly of
preformed molecular entities. Their structural characteristics and functional proper-
ties will be programmed at the molecular level and their formation as a completed
entity will be achieved by self-assembly processes. This in essence is a bottom-up
approach and its success will require a deep understanding not only of the chemistry
of intermolecular interactions and associations but also of self-assembly processes
in the condensed phase. Among various interesting innovations brought about by
the development of supramolecular chemistry, supramolecular synthesis is a partic-
ularly powerful approach for the design and generation of molecular architectures
displaying both structural and functional complexity. The combination of molec-
ular synthesis (which allows chemists to design and prepare extremely sophisti-
cated biotic and abiotic molecules through the interconnection of atoms or group
of atoms by strong covalent bonds) and supramolecular synthesis (which orches-
trates the association of molecules by recognition processes through the use of weak
and reversible interactions) opens up endless structural and functional possibilities.
Following the perceptive observation by Dunitz that “A crystal is, in a sense, the
supramolecule par excellence”, molecular crystals may be seen as infinite periodic
architectures resulting from the interconnection of building blocks or tectons capa-
ble of self-assembling through specific recognising events. Thus, one may regard
the formation of a molecular crystal as a subset of supramolecular synthesis based
on the generation of crystalline materials with defined connectivity patterns between
molecular components which makes up the solid material. The iterative recognition
events responsible for the formation of crystalline architectures may be based on a
variety of intermolecular interactions such as van der Waals’ contacts, hydrogen-
or coordination bonds and electrostatic interactions. These attractive forces may
be employed separately or may be combined in a co-operative manner. This vol-
ume, by bringing together contributions by some of the most active and eminent
researchers in this area, gives an updated overview of this important and emerging
area of research.

Strasbourg, May 2009 M. Wais Hosseini
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Charge-Assisted Hydrogen-Bonded Networks

Michael D. Ward

Abstract The importance of hydrogen bonds is widely recognized because of their
role in defining the structure and properties of many compounds, including water,
proteins, DNA, and polymers. Hydrogen bonding also has emerged as a critical tool
in solid-state chemistry, in which the versatility of organic synthesis has been com-
bined with the structure-directing properties of hydrogen-bond donor—acceptor pairs
to steer molecular assembly into networks that reflect the symmetries of their molec-
ular constituents. Although these efforts have been largely empirical, the dominance
of hydrogen bonding among the multitude of intermolecular forces often leads to
predictable control of crystal structure. Although charge-assisted hydrogen bonds
(donors and acceptors with ionic character that reinforce the electrostatic charac-
ter of the hydrogen bond) have been recognized for decades, their use in network
design, particularly for “crystal engineering,” has grown substantially in the past
decade. The evidence suggests that charge-assisted hydrogen bonds introduce ex-
traordinary robustness to molecular networks that reflects a combination of strong
intermolecular forces and structural compliance, thus facilitating design of organic
solid-state materials.

Keywords: Crystal engineering - Hydrogen bond - Molecular network
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Abbreviations

GS Guandinium sulfonate

CAHB Charge-assisted hydrogen bond

EBA 2,2'-(1,2-Ethanediyl)pyrimidinium?* ] cation
PBA 2,2'-(1,4-Phenylene)pyrimidinium®* dication

1 Introduction

The structure, organization, and properties of the living and nonliving world re-
flects a balance of the delicate forces (covalent, ionic, ion—dipole, dipole—dipole,
van der Waals, hydrogen-bonding) that are well known to the scientific community.
Although ubiquitous in animate and inanimate objects, hydrogen bonding is at once
one of the best and poorly understood interactions. Its ability to direct structure
is evident in biological macromolecules. The double helix structure of DNA is
largely due to hydrogen bonding between the complementary base pairs, adenine
(A) with thymine (T) and (G) with cytosine (C) in the Watson—Crick pairing scheme.
Intramolecular N-H...O hydrogen bonds along a protein backbone can provoke
secondary structure, generating an o-helix when the hydrogen-bonding groups are
repeatedly located at i and i + 4 positions, and a B-sheet when two strands of the
protein associate through alternating residues. The function of DNA, its relative
RNA, and proteins rely on finely tuned hydrogen bond forces in the midst of other
competing interactions. Water — simple and yet complex — owes its peculiar prop-
erties to hydrogen bonding. Ice is unusual as it has a density lower than its lig-
uid form, which can be attributed to the formation of a tetrahedral-like network,
which in turn reflects the directional nature of hydrogen bonds and their unique
structure-directing ability. This chapter focuses on the role of a particular kind of
hydrogen bond, the charge-assisted hydrogen bond (CAHB), and its use in the de-
sign of molecular networks, which range from motifs in three-dimensional crystals
to molecular monolayers.

2 The Dipolar Character of the Hydrogen Bond

The hydrogen bond has been studied exhaustively, and for no system more than wa-
ter. An examination of the water molecule reveals the key attributes necessary for
understanding the dipolar nature of the hydrogen bond and the role of ionic charge
in CAHBs. Although many models have been invoked for water, one of the more
commonly accepted ones is the ST2 model [1], in which each hydrogen atom is as-
sumed to carry a +0.24e charge and each oxygen two —0.24e charges. The charges
extend outward from the oxygen atom with tetrahedral symmetry, and the interac-
tion between two water molecules is assumed to involve an isotropic Lennard-Jones
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potential and sixteen Coulombic terms arising from the four point charges on the
two molecules. The open tetrahedral-like ice network is a consequence of linear
O...H...O hydrogen bonds that are situated along four vectors emanating from each
oxygen atom. This was revealed by X-ray diffraction analysis of hexagonal ice per-
formed separately by Dennison [2] and Bragg [3] in 1921. Liquid water, however, is
estimated to have five nearest neighbors on average but an average of 3.5 hydrogen
bonds per water molecule (instead of four in ice) [4] (Fig. 1).

b linear H-bond to —-q of
another water molecule

4

F3#AUS

linear H-bond to +q of \
another water molecule

© -9 +q —q +q
co-linear (@uu——) @u—) = -2y Aneger
-
z
-q +q
antiparallel - W = = l4me er
+q —q

Fig. 1 aHexagonal ice, a crystalline 3D open network in which each oxygen atom is associ-
ated with four neighboring oxygen atoms through four linear hydrogen bonds with local tetra-
hedral symmetry. White spheres are oxygen atoms, black spheres are hydrogen atoms (reproduced
from [3]). bThe “ST2” model for water, in which the electron lone pairs and hydrogen atoms
are assigned partial charges of —0.24e and +0.24e, respectively. Energetically favorable colinear
head-to-tail alignment of these dipoles with opposite dipoles on four neighboring water molecules,
which are tantamount to hydrogen bonds, creates an infinite 3D network. ¢ Schematic representa-
tion of collinear head-to-tail and antiparallel dipole—dipole interactions. The interaction energy of
the colinear configuration is twice as favorable as the antiparallel configuration
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The above description of the water molecule, as well as the structure of ice,
suggests that hydrogen bonding is primarily electrostatic. Molecules regarded as
having strong hydrogen bonds, such as ammonia (NHz) and hydrogen fluoride (HF)
tend to form order networks in the liquid state, even if only with short persistence
lengths. These substances are often designated “associated liquids,” and it has been
suggested that hydrogen bonding in this state is cooperative, to the extent that hy-
drogen bonds between two molecules reinforce hydrogen bonds between other pairs
in the network. The unique properties of these liquids stems from the unusually high
dipole moments of the N-H and F-H bonds, which have bond moments of 1.31D
and 1.94 D, respectively. Therefore, these groups may be described better as strong
dipoles with structures resembling N"—H™ and F~—H™. These dipoles supply a
strong attractive force that can align dipoles on neighboring molecules, as expected
from the interaction energy between two dipoles based on simple electrostatics for
a dipole—dipole interaction. This interaction energy is greatest when both dipoles
are colinear, as according to Eq. 1, where w is the interaction energy, 1, and W,
are the dipole moments of molecules 1 and 2, €y and € are permittivity terms, and r
is the distance between the centroids of each dipole. This value is twice as large, for
the same value of r, as for antiparallel two dipoles. Furthermore, the small size of
the hydrogen atom, depleted of electron density so that it more resembles a proton,
allows close approach of the N"—H* and F"—H™ hydrogen-bond “donors” to elec-
tronegative “acceptor” sites on neighboring molecules. In fact, one of the criteria for
a hydrogen bond is a distance between two electronegative atoms that is less than
the sum of their van der Waals radii:

w = —2U,W,/4peoer’ (1)

Collectively, these attributes reveal that (i) the hydrogen bond is primarily an elec-
trostatic interaction that can be characterized as a very strong dipole—dipole interac-
tion, (ii) the dipole—dipole interaction energy for the hydrogen bond can be greater
that that calculated for the “textbook™ point dipole because of the vanishingly small
size of the hydrogen atom when it is depleted of electrons, and (iii) hydrogen bonds
tend to be linear because the dipole—dipole interaction is maximized in this geom-
etry. These attributes aptly describe charge-assisted hydrogen bonds (CAHBs) ob-
served in networks in the crystalline solid state, and their description will comprise
the major part of this chapter. CAHBs consist of a hydrogen bond acceptor and a
hydrogen bond donor, each carrying an ionic charge that further reinforces the elec-
trostatic dipole—dipole character of the hydrogen bond. Consequently, CAHBs tend
to be among the strongest hydrogen bonds in the solid state. The strength of hy-
drogen bonds ranges from weak (1kJmol ') to extremely strong (>155kJmol');
most CAHBs can be expected to fall at least in the middle of this range. Gilli et al.
classified CAHBs in crystals according to whether they were negative charge as-
sisted (e.g., —O-H...0O™), positive charge assisted (e.g., = O.. . H"...0 =), or reso-
nance assisted (where the two oxygens (or two nitrogens) are connected by a system
of m-conjugated double bonds [5]. Taylor and Kennard found that N-H donors with
formal positive charge tend to form shorter bonds than uncharged N-H groups, and
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that the negatively charged carboxylate ion is a stronger acceptor than uncharged
amides, ketones, and carboxyls [6]. This is illustrated by the so-called “Speakman
salts,” which contain strong hydrogen bonds between a carboxylic acid and a car-
boxylate ion [7]. Theoretical aspects associated with CAHBs, as well as with other
types of hydrogen bonds, have been reviewed recently [8].

The peculiar properties of CAHBs make them especially promising with respect
to directing molecular assembly and enabling the construction of networks in a
rational manner aimed at the introduction of substituents for adjusting solid-state
properties in a controllable manner. Notably, X-ray diffraction methods have been
instrumental in the characterization of CAHBs, providing feedback into the fur-
ther design of molecular networks. Because hydrogen atoms do not scatter X-rays
strongly it is often difficult to determine their exact positions without resorting to
neutron diffraction. This is particularly true for hydrogen bonds, where the elec-
tron density about the hydrogen atom is highly depleted. Consequently, hydrogen
bonds and their directions are often located by identifying short distances between
pairs of electronegative atoms, particularly if one of the atoms is known to carry a
hydrogen atom and if there is clear evidence, usually geometric, for hydrogen bond
formation [9]. Nonetheless, crystallographic methods are improving with respect to
assigning the positions of hydrogen atoms.

3 Hydrogen Bonds and Network Design

Molecular crystals always can be described as consisting of some kind of network
or a collection of networks, depending on how one wants to draw lines to con-
nect points in some repeating fashion. Hydrogen bonds, however, are easily distin-
guished from less specific intermolecular interactions such as van der Waals and
T—T interactions. As such, the connectivity of a hydrogen-bonding network is usu-
ally straightforward. The term “network” has many definitions, chief among them:

1. A system of intersecting lines

2. Something resembling an openwork fabric or structure in form or concept

3. An openwork fabric or structure in which cords, threads, or wires cross at regular
intervals

4. In information technology: a series of points or nodes interconnected by commu-
nication paths

Networks can interconnect with other networks and contain subnetworks. Each of
these definitions suits hydrogen-bonded networks in crystalline solids. When two-
or three-dimensional they can be represented as grids, they can be open or porous,
they can cross at periodic intervals related to the translational symmetry of the crys-
tal, and they can be constructed from molecules encoded with hydrogen bonds that
effectively carry and communicate structural information to neighboring molecules,
which results in the formation of a network. The term “semantophoretic,” which
means “carrying information,” is often used to convey this concept in biological
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macromolecules. A network also implies an infinite structure in one, two, or three
dimensions, all of which are observed in molecular crystals. This chapter is limited
to infinite networks, but the reader may want to explore the literature describing
finite (a.k.a. discrete) molecular complexes assembled through charge-assisted hy-
drogen bonds.

The motivation behind the design and synthesis of molecular crystals is the
promise of precise control of properties and function through manipulation of their
molecular constituents, which can be readily prepared using conventional syn-
thetic chemistry. The design and synthesis of crystalline organic materials often
is thwarted, however, by the delicate and noncovalent nature of the intermolecu-
lar forces responsible for crystal packing, which is crucial to solid-state properties
that rely on collective interactions. Sometimes the most innocent modification of a
molecular constituent may produce an unanticipated solid-state structure. Further-
more, comprehensive crystal structure prediction of the lowest energy crystal forms
through computational methods — complete with space group, lattice parameters,
and atomic positions — remains elusive in general [10, 11], although it is advancing
rapidly [12, 13]. These limitations have prompted the use of empirical strategies
for crystal synthesis based on the use of generalized models of molecular packing
modes surmised from selected sets of existing crystal structures. This approach, of-
ten referred to as crystal engineering, has enabled solid-state chemists to create well-
defined lattice architectures with network topologies and lattice metrics prescribed
by molecular building blocks adorned with multiple structure-directing functional
groups arranged according to well-defined molecular symmetries. Although crystal
engineering strategies usually do not result in precise control of atomic positions
[14], often the control of network architecture coupled with systematic adjustment
of lattice metrics is sufficient for the design of functional molecular materials. In
this respect, hydrogen bonding, a long-standing favorite for crystal design [15, 16]
has proven particularly useful.

One sensible tactic for regulating solid-state structure and properties involves
the use of structurally robust one-dimensional (1D) and two-dimensional (2D)
hydrogen-bonded networks. Persistent n-dimensional networks inherently simplify
crystal synthesis by reducing the degree of freedom for crystal packing, effectively
restricting crystal design to the remaining 3z dimensions. In order to manipulate
solid-state properties these networks must be able to withstand modifications in-
troduced by synthetic chemistry. These may involve swapping hydrogen-bonding
components that preserve the generic features of the network or altering pendant
substituents that do not participate directly in hydrogen bonding (Fig. 2). The ro-
bustness of CAHBs is proving very valuable in this regard.

It is quite natural to link robustness to bond strength, and strong hydrogen bonds
have the potential to override the multitude of other intermolecular forces in the
crystal lattice (e.g., van der Waals, dipole—dipole, multipolar) that otherwise can
frustrate rational crystal design. On the other hand, modifications to the back-
bone of n-dimensional networks naturally will alter packing requirements, whether
within the network or between pendant substituents, which could exert “strain” on
the network. Consequently, networks may be more robust if they are somewhat
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swap hydrogen swap pendant
1D bonding components substituents
] m ﬁ ¢l — G

i i

Fig. 2 Schematic representations of hypothetical binary 1D and 2D networks assembled through
complementary hydrogen bonding. The networks can be modified by substituting one or both of
the hydrogen bonding components or by exchanging pendant groups attached to the network. In
the 2D case depicted here, the substituents projecting from the network surface can be altered (red
circles to orange ovals)

compliant, that is, if they can deform, with minimal energetic penalty, to accommo-
date packing requirements while retaining their hydrogen-bonding connectivity and
dimensionality. Borrowing from the parlance of materials science, such networks —
strong yet pliable — could be regarded as “tough,” a characteristic associated with
the capacity of a material to undergo strain without fracture. In this respect, hydro-
gen bonds may prove ideal as they are intrinsically flexible. Although linear hydro-
gen bond geometries generally are preferred due to the dipole—dipole interactions
described above, D-H...A bond angles range widely, implying shallow potential
wells that are tantamount to compliant structures. Furthermore, some networks con-
structed from hydrogen bonds can deform readily while maintaining linearity of
their hydrogen bonds, as described in Sect. 4.

4 Charge-Assisted Hydrogen Bonds in Molecular Crystals

During the past decade many compounds with rather sophisticated crystal archi-
tectures governed by CAHBs have been reported, some of which are depicted in
Fig. 3. This chapter emphasizes networks that have been assembled by design using
(+)N-H...O(—) and (+)N-H...N(—) hydrogen bonds, as these are quite com-
mon and probably the most robust of CAHBs. We note, however, that other types
of CAHBs have been deployed for the design of molecular networks in the or-
ganic solid state, including (+)O-H...O(—) and (+)C-H...O(—). A particularly
interesting example is the honeycomb host network formed by equal numbers of
tartrate and tartaric acid, formed by loss of one proton for every two tartaric acid
molecules (Fig. 4) [17]. These assemble into a honeycomb network through strong
—C(0)O™...H-O(O)C hydrogen bonds, identical to the aforementioned Speak-
man salts. This anionic framework can assemble around Co(1’ — CsHs); cations,
forming an inclusion complex with the cations stacked in the cylindrical pores of
the honeycomb host framework.
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Fig. 4 a Space-filling representation of the tartaric acid template in crystalline [Co(n’~CsHs)a] +
[(Hta)(Hata)]~. b Space-filling representation of the anionic honeycomb framework formed by
the [(Hta)(Hazta)], units, the cobaltocenium cations stack inside the channels extending along the
a-axis (reproduced with permission from [17])

The existence of charge-assisted (+)N-H...O(—) hydrogen bonds in crystalline
phospholipids and amino acids (in zwitterionic form) has been recognized for
decades. Therefore, these compounds are not described in detail here. We note,
however, that the simplest amino acid, glycine, has three polymorphs [18-20], each
differing with respect to the hydrogen-bonding networks responsible for molecular
organization in the solid state. The interested reader is encouraged to examine the
structures of these compounds, which are readily available in the literature as well
as in the Cambridge Structural Database.

One of the more prolific series of CAHB building blocks is the family of
bis(amidinium) dications (BA%"), for which N—H substituents protrude from the
flanks of an organic core to form hydrogen-bonded networks with a variety of
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complementary anionic acceptors [21,22]. For example, Figs. 3a and b illustrate
1D networks constructed with the [2,2'-(1,2-ethanediyl)pyrimidinium®*] cation
(EBA") and the [1,1’-ferrocenedicarboxylate’~] [23] and [dicyanoaurate™ |,
anions [24], respectively (Fig. 5). The short Au...Au distance of 3.3 A in Fig. 3b,
enforced by the span of the N-H hydrogen-bond donors, produced strongly lu-
minescent crystals. Expanding the separation between the Au centers to 4.2 A
by inserting the longer 2,2'-(1,4-phenylene)pyrimidinium?* dication (PBA%* in
Fig. 3c) reduced the luminescence intensity, as anticipated. This elegant example
demonstrates that the structure-directing character of CAHBs and well-defined
molecular metrics can be combined to manipulate solid-state properties in a rational
manner while retaining the overall architecture of the 1D network. Cyanometallate
anions, specifically Pt(CN)i_, also form 3D networks with bipyridinum dications,
generating a CdSOgy-like lattice with channels [25].

The BA* dications form networks with various other polycyanometallates [26],
as exemplified by Fig. 3c. This motif can be transposed to 1D networks with the
doubly charged polycyanoanion C¢(CNg)?>~ depicted in Fig. 3d, which contains
geminal cyano groups that are isometric with the vicinal cyano ligands in the
square-planar and octahedral polycyanometallates [27]. Metric control exerted by
the dications is apparent here as well. The span of the N—H donors of PBA" is
compatible with both the geminal and nongeminal pairs of cyano acceptors, result-
ing in the formation of linear chains held together by CAHBs (Fig. 5d). In contrast,
the shorter span of the N-H donors in EBA** permits hydrogen bonding with only
the nongeminal pairs of cyano acceptors, thus steering assembly into the zigzag 1D
chains (Fig. 5e). These compounds exhibit different colors that were assignable to
n-1 charge-transfer interactions between the weak Cg(CN )é’ electron donor and
the weak PBA”* electron acceptor in the solid state.

Charge-assisted (+)N-H...O(—) hydrogen bonds also promote the forma-
tion of 1D chains comprising imidazolium and arenecarboxylate ions (Fig. 3f).
If dicarboxylic acids are used, the 1D chains can be stitched into 2D sheets
by Speakman-type —COO™ ...HOOC- hydrogen bonds [28]. The imidazolium—
carboxylate hydrogen bond has also been used to construct a series of isostructural
layered materials containing different transition metal ions [29].

Two-dimensional honeycomb networks assembled by (+)N-H...O(—) hydro-
gen bonds have been observed for the 1:3 complexes of the trimesate trianion and di-
cyclohexylammonium or di-fert-butylammonium ions, in which pairs of ammonium
cations bridge carboxylate substituents on different trimesate ions (Fig. 3g) [30,31].
Notably, the 2D sheets pucker to different extents in these structures through defor-
mations of the (+)N-H...O(—) hydrogen bonds, reflecting an intrinsic compliance
that enables the network to accommodate differently sized alkyl groups and included
solvent molecules while retaining the original hydrogen bond connectivity and the
generic honeycomb architecture (Fig. 6).

The relationship of robust yet compliant networks based on CAHBs has been
amply illustrated by the comprehensive series of lamellar inclusion compounds
based on the guanidinium ion and numerous organomonosulfonates and disul-
fonates synthesized in our laboratory. The guanidinium ions (G) and the sulfonate



Charge-Assisted Hydrogen-Bonded Networks 11

Fig. 5 Portions of the 1D networks in a [EBA>*|[1, I-ferrocenedicarboxylate? |, b [PBA%*]
[Au(CN)27], ¢ [EBAZF][Au(CN)?7], d [PBA2*][Cs(CNg)?~], and e [EBA2+][C4(CNg)?~]. Only
one polymorph of [PBA?+][C4(CNyg)?~] is depicted here
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Fig. 7 Left: Space-filling model of the CAHB framework constructed from guanidinium cations
and 4,4’-biphenyldisulfonate dianions. The GS sheet adopts a hexagonal motif like that depicted
in Fig. 3h. Right: The same framework, rendered as ball-and-stick, with divinylbenzene guest
molecules included, depicted as space-filling. The majority of the crystal volume (nearly 80%)
is occupied by the guest molecules, which are present in a 3:1 divinylbenzene:biphenyldisulfonate
ratio

group (S) form a quasihexagonal (6,3) 2D net in which each ion participates in
six (4+)N-H...O(—) hydrogen bonds (Fig. 3h) [32]. The organic substituents at-
tached to the sulfonate moiety project from the sheet surface and serve as pillars
that support inclusion cavities between the sheets (Fig. 7). The GS sheet is re-
markably persistent, appearing in nearly one thousand different compounds, most
of them inclusion compounds, derived from a broad range of organosulfonates
[33-35]. Furthermore, these inclusion compounds exhibit an extraordinary diversity
of architectures that differ with respect to the “up—down” pattern of the organic pil-
lars on each sheet. These architectures are largely a response to the templating action
of the guest, which governs the configuration of the pillars during assembly so that
the cavities meet the requirements of the size and shape of the guest molecules.
In this way, the GS network sets the stage for layered architectures, but the guest
regulates the organization of the pillars that extend from the sheets. A particularly
interesting guest-free compound, [guanidinium],[Fe(n’-CsH4SO3),], exhibits a bi-
layer structure with ferrocene units between the sheets [36]. Powder compacts of
this compound were electrochemically active (Fig. 8).

Although a large part of the tenacity of the GS sheet undoubtedly can be at-
tributed to its large number of CAHBs, the network also derives its robustness
from accordion-like puckering about the hydrogen bonds that fuse the edges of im-
mutable 1D ribbons. This well-behaved deformation permits the lattice to shrink
or expand perpendicular to the ribbons so that the organic constituents can achieve
dense packing without disruption of the hydrogen-bond connectivity (the pucker-
ing angles range from 180°, which corresponds to a flat sheet, to a highly puckered
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Fig. 8 Top: 2D network structure of [guanidinium],[Fe(n’—CsH4S03),] (pillared discrete bilayer)
as viewed along the a-axis. Bottom: Quasi-hexagonal (6,3) net formed by guanidinium and fer-
rocenedisulfonate ions as viewed along the c-axis (reproduced with permission from [36])
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70°). The puckering occurs with retention of the linearity of the hydrogen bonds,
implying a shallow potential well and a negligible energetic penalty associated with
this deformation. This combines synergistically with the exceptional strength of the
(+)N-H...O(—) hydrogen bonds, bestowing structural toughness to the GS sheet.
Consequently, lattice metrics in the third dimension and the inclusion cavity size and
character can be adjusted systematically and reliably by choice of the organosul-
fonate with retention of lamellar architecture [37]. When combined with the ability
to achieve different architectures by adopting various “up—down” pillar configura-
tions, these host frameworks are extraordinarily resilient.

The persistence and elastic nature of the GS sheet is also apparent for many com-
binations of organomonosulfonates and guest molecules (Fig. 9). The diversity of
architectures rivals that of the guanidinium organodisulfonates, producing analogs
of the “simple brick,” “double brick,” and “zigzag brick” frameworks observed in
the disulfonates. Furthermore, certain combinations of organomonosulfonates and
guest molecules produce “tubular inclusion compounds” in which the GS sheet
curls into a cylinder. These cylinders pack on a hexagonal lattice through weak
van der Waals forces between the organic groups projecting from the outer surface
of the cylinders, crystallizing in either trigonal P3 or hexagonal P63 /m space group
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Fig. 9 a, b Lamellar inclusion compound [guanidinium][4-bromobenzenesulfonate)-(toluene) as
viewed parallel and transverse to the major ribbons, respectively. The host framework is ren-
dered as wire-frame and the included guests as space-filled. The puckering of the compliant GS
sheet (Fig. 3h) is evident in b. ¢ Hexagonal packing observed for the tubular inclusion compound
[guanidinium][4-bromobenzenesulfonate)-2/3(o—xylene). The supramolecular connectivity of the
GS sheet is identical in both the lamellar and cylindrical architectures. d View perpendicular to the
cylinder axis of the tubular inclusion compound, illustrating the GS sheet wrapping around guests
stacked in the cylinder. e, f Banana-shaped organodisulfonates force the GS sheet to pucker like an
accordion while promoting formation of polar host frameworks, which have channels that can be
occupied by guest molecules to produce materials with second harmonic generation activity



16 M. D. Ward

symmetry [38]. Notably, high space group symmetries are rare for molecular crys-
tals (only 1.2 and 0.5% of molecular crystals crystallize in trigonal/hexagonal and
cubic space groups, respectively). Interestingly, guanidinium—tetralkoxyborates (I)
assemble via charge-assisted hydrogen bonds into the highly symmetric (10,3)-a
net (P43m space group). The topology of this network is a consequence of the
3-connecting symmetry of the G ion. The flexibility of the hydrogen bonds per-
mits the network to conform to the highly restrictive symmetry requirements of the
special positions in the cubic space group [39].

Such high symmetry structures suggest an interesting link to soft matter
phases (surfactant assemblies and block copolymers), which form either lamellar,
hexagonal, or cubic phases; the latter two requiring curvature of elastic interfaces
between immiscible components. The purposeful design of molecular crystals with
tough hydrogen-bonding networks capable of organizing into high symmetry struc-
tures through compliant hydrogen-bond networks could strengthen the link between
molecular crystals and soft matter [40]. This connection was reinforced by the orga-
nization of more than 200 inclusion compounds, representing various combinations
of guanidinium organomonosulfonates and guest molecules, on a “structural phase
diagram” that was based on two simple molecular parameters — the host:guest
volume ratio and the “ellipticity” (i.e., shape) of the guest (Fig. 10) [41].
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Fig. 10 Structural phase diagram for GMS inclusion compounds using Vsuir/Vuest and guest ec-
centricity (€) as variables. This plot contains 206 data points representing unique host—guest com-
binations. Some of the data points are obscured by overlap. The diagrams at the rop represent the
“up—down” projections of organic residues from the sulfonate nodes on each GS sheet (the sheets
stack by translational symmetry). Open circles correspond to a projection below the sheet and filled
circles above
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The diagram revealed that three of the four architectures — tubular (TIC), double
continuously layered (d-CLIC), zigzag continuously layered zz-CLIC) — occupied
well-defined sectors. The so-called simple continuously layered inclusion com-
pound (s-CLIC) ranged across the entire phase diagram, consistent with its inher-
ently high degree of framework flexibility. The ability to organize these architectures
into specific sectors of a structural phase diagram resembles phase behavior for soft
matter systems, which often adopt microstructures that can be organized on a phase
diagram based on simple molecular parameters. It is important to note, however,
that construction of this phase diagram is possible only because the GS sheet is so
resilient and persistent, which enables the synthesis of a remarkably large number
of inclusion compounds based a common supramolecular entity.

The peculiar compliance of the GS sheet also enables synthesis of polar host
frameworks constructed from “banana-shaped” meta-arenedisulfonates, which en-
force puckering of the GS sheets through geometric constraints (Fig. 9e.f). Inclusion
of acentric guest molecules in these frameworks produced materials with second
harmonic generation activity. The unique characteristics and structural consistency
of the GS network enabled prediction of the space group symmetry and lattice met-
rics for these compounds using simple geometric principles [42], a rare occurrence
for molecular crystals.

The robustness of CAHBs in guanidinium sulfonates was further demonstrated
by its persistence in smectic liquid crystals prepared from a series of guanidinium
alkylbenzenesulfonates and alkylbiphenyldisulfonates [43—45]. These smectic
liquid-crystal phases, formed when their corresponding crystalline phases were
heated, were observed when the number of carbons in the alkane chains was greater
than seven. This chain length corresponded to single-crystal packing motifs that
signaled the onset of a structure-directing role for alkane—alkane interactions. Fur-
thermore, the viscosities of these smectic phases were exceptionally high due to the
reinforcing nature of the CAHB network. The GS network was also found to persist
in crystalline ternary inclusion monolayers, at the air—water interface, consisting
of a 2D hydrogen-bonded host network of guanidinium ions and organosulfonate
amphiphiles, with biphenylalkane guests [46]. Grazing incidence X-ray diffraction
revealed that the inclusion monolayers were more crystalline than the corresponding
guanidinium-free mixed monolayers.

Further proof of the robustness of CAHBs based on guanidinium and anionic ac-
ceptors can be gleaned from a variety of 2D hydrogen-bonded honeycomb grids
bearing the same (6,3) network structure constructed with guanidinium cation
and various anionic components, including the carbonate anion and stoichiomet-
ric mixtures of carbonate and boric acid (Fig. 11) [47, 48]. Because the car-
bonate carries a 2— charge, the 2D CAHB networks are anionic, carrying one
excess charge per guanidinium—carbonate unit. This charge is balanced by tetraalky-
lammonium cations that occupied the region between the 2D networks, mim-
icking anionic clays intercalated with cations. In contrast, the sheet was nearly
planar when oxalate was substituted with 1H-imidazole-4,5-dicarboxylate, pro-
ducing [(C2H5>4N+] . [C(NH2>;]7 -3CO§_ . [C3N2H2(C007)2]. The guanidinium—
carbonate (1:1) sheet in 4[(CoHs)4N*]-8[C(NH,)7]-3(C0O3)?~ -3(C,04)?~ - 2H,0



18 M. D. Ward

2 I 2 }-‘Y‘ k. 4 * X ‘)\f‘ o

J\‘r %;?Af‘ i”‘rrk f'a:j ¥ YFB? Et;j - ;Iy

S <3 o ‘X‘-}»fL f%(‘}\ "y
(Sece RS oS e

Fig. 11 a Quasi-hexagonal 1:1 guanidinium-carbonate (6,3) net in [(CoHs)4sN"]-[C(NH,)7]7 -
3CO§’ - [C3NH2(COO™),] . b The [1]2:1 guanidinium-boric acid—carbonate network in
[(n-C3H3)3N*] - [C(NH3)7] - CO? -2B(OH)3. ¢ Molecular packing in [(n—C3H3)3N"'] -
[C(NH3){]-CO3™ - 2B(OH); with charge-compensating nonpolar (n — Pr)sN™ cations between
puckered layers, with guanidinium-boric acid—carbonate networks having a 1:2:1 composition
(vellow spheres) (reproduced with permission from [49])

exhibited a corrugated, or wavy, texture also described as a “rosette layer.” It
adopted a nearly planar configuration using 1H-imidazole-4,5-dicarboxylate as an
auxiliary template and spacer. Surprisingly, in the presence of boric acid an un-
usual three-component guanidinium—boric acid—carbonate (1:2:1) network was ob-
served in [(n-C3H3)3N*|- [C(NH3); |- CO3~-2B(OH);3. These rosette layers were
also observed with constituents without C3 symmetry, albeit highly distorted. This
also has been accomplished with 1,2-dithiosquarate and 1,1’-biphenyl-2,2’,6,6'-
tetracarboxylate anions, even though these compounds do not have C3 symmetry.
Recent efforts have expanded cleverly on the GS networks, replacing the guani-
dinium ion with charged metal complexes with ligands that serve as hydrogen-bond
donors with organosulfonates. For example, an unusual CAHB network was dis-
covered in [Co(NH3)e)(at, o' -para-xylenedisulfonate); s(H,O), based on a design
principle by which the triangular faces of the [Co(NH3)s]** octahedron, in a local
C4 orientation, would be complementary to the triangular presentation of the sul-
fonate groups [49]. In the presence of aniline, however, the inclusion compound
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[Co(NH3)g](a, o -para-xylenedisulfonate); s(aniline)(H,O)3 was formed (Fig. 12).
Like behavior observed for guanidinium organodi- and organomonosulfonates
[50-52], the second framework demonstrated selective inclusion; the desol-
vated framework selectively absorbed various amines (as guests) but not other
substituted aromatics. This design strategy was also applied to the synthe-
sis of [Ni(tame)s];(PES)2}e (tame = 1,1,1-tris(aminomethyl)ethane, PES = 2-
phenylethynesulfonate) [53]. The single-crystal structure of this compound re-
vealed the formation of quasihexagonal sheets assembled through CAHBs between
Ni(tame)%+ units and two sets of PES sulfonate groups and interaction in the third
dimension through stacking of the PES aromatic rings (Fig. 13). A related com-
pound prepared with a disulfonate pillar, {[Ni(tame);]; (BSEB); }. (BSEB =4, 4’-
bis(sulfoethynyl)biphenyl), formed a compound with a similar layered structure

Fig. 12 Leftt X-ray structure of the pillared, layered solid [Co(NH3)e](e,a-para-
xylenedisulfonate); s(H,O). a View parallel to the layers. b View onto a single hydrogen-bonded
layer with Co(NH3)e centers aligned along their C4 axes. ¢ Space-filling view showing the
nondensely packed aryl rings of the disulfonate pillars in the interlayer. The middle column
contains two repeating trimer “ABA” motifs. X-ray structure of compound [Co(NHj3)s](ct, @'~
para-xylenedisulfonate); 5(aniline)(H,O)3. Right: a View parallel to the layers. The aniline guests
appear above and below some Co centers and alternate in their orientation. Red dots are water
molecules. b View onto a single hydrogen-bonded layer with Co(NHj3)e centers aligned along
their C4 axes. Aniline molecules sit above the Co, and Coy centers. ¢ Space-filling view of
the interlayer showing the pillars packing with aniline guests (darker grey) (reproduced with
permission from [49])
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Fig. 13 Crystal structure of [Ni(tame)]; (PES)2}... a View of CAHB sheets (shown as blue
planes) and the aromatic interlayer. b Overlaid space-filling diagram of the complementary
hydrogen-bonds between Ni(tame)%’*’ and PES SO3 groups. ¢ Space-filling view of Ni(tame)%’*’
units and the interdigitation of PES ligands from adjacent sheets. d Aryl-aryl interactions in the
interlayer with aromatic groups from the same sheets are marked in green. The voids are occu-
pied, filled by the methyl groups of the tame ligands. For a—c: Ni cyan; N blue; C gray; H white;
S yellow; O red (reproduced with permission from [53])

(deduced by PXRD only) that possessed permanent porosity, illustrating a rare
occurrence of a permanently porous solid based on a hydrogen-bonded network
(Fig. 13).

In a somewhat different adaption, CAHBs were used to assemble host
frameworks based on the cationic metal complex [Co(en);(ox)]T and 2,6-
naphthalenedisulfonate pillars (Fig. 14) [54]. These compounds exhibited the
same kind of architectural isomerism that had been observed in the guanidinium
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Fig. 14 a Typical guanidinium disulfonate bilayer structure with layers made of hydrogen-bonded
guanidinium and sulfonate groups and pillars of the organic residue of the disulfonate. The ratio
of the disulfonate to guanidinium is 0.5. b Proposed and later observed metal complex disulfonate
structure with layers made of hydrogen-bonded [CO(NH3)6]3+ and sulfonate groups. The ratio of
disulfonate to metal complex is 1.5. ¢ Proposed framework made of [Co(en);(ox)]" and disul-
fonate. The ratio of disulfonate to metal complex is 0.5 (reproduced with permission from [54])

organodisulfonates, wherein the orientations of the pillars on either side of a 2D
hydrogen-bonded network adjust to meet the steric demands of included guest
molecules. The structures of these compounds revealed that, compared with prior
work [55,56] with [Co(NH3)e]3*, these compounds have larger interpillar galleries
because of the lower charge of the [Co(en),(ox)]t complex (fewer disulfonates
are required for charge compensation, thus the total volume occupied by the pillars
is reduced). This clever twist nicely illustrates how simple molecular-level princi-
ples can be deployed to engineer solid-state structures if a robust supramolecular
network, here realized through CAHBs, is used as a building block. Furthermore,
the integration of metal complexes within the layers suggests a new pathway to
functional materials, complementing approaches based on introducing function
through guest molecules in the vacant galleries.

5 Summary

Collectively, these examples illustrate that CAHBs are effective for crystal de-
sign and molecular monolayers, often producing predictable crystal architectures
while enabling manipulation of key structural features. The exceptional strength of
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these hydrogen bonds and their natural flexibility can conspire to produce “tough”
supramolecular networks that can withstand strains created by competing packing
interactions in the crystal lattice. This combination of strength and softness may
prove to be a potent strategy for the systematic engineering of molecular networks
that determine solid-state structure in molecular crystals.
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Crystal Polymorphism and Multiple
Crystal Forms

Dario Braga, Fabrizia Grepioni, Lucia Maini, and Marco Polito

Abstract This chapter discusses the phenomenon of polymorphism in organic and
organometallic compounds. Polymorphism is first introduced and then, to give the
work some context, background information is given concerning properties and
techniques for characterizing the solid phases. In particular, desolvation and inter-
converstion are examined, and the gas—solid reactions are presented as a successful
route to obtaining new crystalline phases. Co-crystal definition is then described and
the problem in distinguishing co-crystals and salts is evaluated.
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reaction - Solid-state NMR - Solvate - X-ray diffraction
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1 Introduction

The isolation, identification and characterization of different crystal forms (poly-
morphs, solvates, salts and co-crystals) of the same molecule or of aggregates of the
same molecule with other molecules represents one of the most active areas of mod-
ern solid state chemistry. The investigation of crystal forms impacts on fundamental
science as well as on utilitarian objectives because different crystal forms may dis-
play a range of different physico-chemical properties, which may affect application
and utilization of the solid materials.

Polymorphism [1] is one of the most fascinating phenomena of solid state chem-
istry and indeed is a “difficult” phenomenon, studied for many decades mainly, and
separately, in the fields of organic and inorganic chemistry. In spite of the huge
efforts of many researchers our knowledge of the phenomenon is still embryonic,
and the relationship between growth of a crystalline phase and nucleation of the first
crystallites is often mysterious. It is a fact that, despite the ambitions of the scientist,
crystal construction is not yet strictly under human control. Many examples exist of
appearing and disappearing polymorphs, some of which have had great practical
consequences. The reader is addressed to the review by Dunitz and Bernstein for a
number of intriguing examples [2].

2 Definition of Crystal Forms

Although the existence of three different crystal forms of calcium carbonate (calcite,
vaterite and aragonite) was identified by Klaproth in 1788 [3], formal recognition of
the phenomenon of crystal polymorphism is attributed to the work of Mitscherlich
in 1823 [4]. In more general terms, the solid phase of a material, whether formed
of organic molecules, inorganic ions or extended covalent networks, can exhibit dif-
ferent structures which, although possessing the same chemical composition, may
manifest different properties. In addition to these polymorphic modifications the
material may also lack long-range order and appear as an amorphous solid, which
can be considered as another polymorph.

A number of authors have suggested that polymorphism is ubiquitous in crystal
chemistry. McCrone stated long ago that: “...every compound has different poly-
morphic forms” and that, “...in general, the number of forms known for a given
compound is proportional to the time and energy spent in research on that com-
pound” [5]. In 1951 Findlay noted in his book that polymorphism: “...is now
recognized as a very frequent occurrence indeed” [6]. Buerger and Bloom stated:
“...polymorphism is an inherent property of the solid state and it fails to appear
only under special conditions” [7]. Similarly, Sirota wrote in 1982: “Polymorphism
is now believed to be characteristic of all substances, its actual non-occurrence aris-
ing from the fact that a polymorphic transition lies above the melting point of the
substance or in the area of as yet unattainable values of external equilibrium factor
or other conditions providing for the transition” [8].
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In 1965 Kuhnert-Brandstitter investigated by hot stage microscopy three
common classes of drug: 70% of barbiturates, 60% of sulphonamides and 23%
of steroids exist in various polymorphic or solvate forms [9, 10].

A number of statistical estimates of the extent of polymorphism have also been
carried out. A search of the Cambridge Structural Database on the keywords “poly-
morph”, “form”, “modification” and “phase” indicated that about 3.5% of the
~350,000 entries fall into this category. Approximately 25% of the entries are either
solvates or hydrates. Other studies based on different selection criteria reveal a much
larger occurrence [11-13]. For instance, Griesser and Burger have collected infor-
mation on about 600 polymorphic forms and solvates (including hydrates) of phar-
maceutical compounds that are solid at 25°C [14].

Even though crystal forms have been and are the subject of intense investigations,
polymorphism as a phenomenon still represents a substantial scientific challenge.
Indeed it is hard to predict whether a given molecule will crystallize in one or several
crystal forms, whether it will form solvates with different stoichiometries or will
ever be “happy” to link up with other molecules and form stable co-crystals. Such
variability and unpredictability have been taken by some scientists as an intrinsic
drawback of being able to construct desired crystal structures (and obtain relevant
properties) from a purposeful choice of the molecular components, which is the
paradigm of molecular crystal engineering [15-19].

In recent times the concept of crystal polymorphism has expanded beyond its
original boundaries to encompass crystal forms of the same molecule with different
molecular partners. These may be solvent molecules in solvates [20], or counterions
if the molecule can be made non-neutral (by say proton or electron transfer [21]), or
other molecules in co-crystals [22]. It is worth noting that the formation of solvate
and hydrated forms is commonly observed during polymorph screening, therefore
the use of the term “pseudopolymorphism” to describe solvate forms of a given
molecular crystal ought to be discouraged, at least because solvates may, in turn, be
polymorphic [23-25].

In this paper we shall discuss all four different types of crystal forms of the same
molecule: polymorphs of the mere molecule, solvates and hydrates, molecular salts
and co-crystals (when the same molecule can be co-crystallized with different co-
crystal formers). All these crystal forms are summarized in Fig. 1.

3 Properties of Crystal Forms

From thermodynamic principles, under specified conditions only one polymorph is
the stable form (except at a transition point) [26]. In practice, however, due to ki-
netic considerations, metastable forms can exist or coexist in the presence of more
stable forms. The relative stability of the various crystal forms and the possibility
of interconversion between crystal forms, between crystals with different degree of
solvation, and between an amorphous phase and a crystalline phase can have very
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Fig. 1 Schematic representation of the structural relationship between “true” polymorphs, solvates,
co-crystals, salts and the amorphous phase

serious consequences on the life and effectiveness of a polymorphic product and the
persistence over time of the desired properties. The variety of phenomena related
to polymorphism requires a thorough mapping of the “crystal space” of a substance
that is ultimately intended for some specific applications (e.g. drugs, pigments, agro-
chemicals and food additives, explosives, etc.).

The industrial production and marketing lines need to know not only the exact
nature of the material in the process, but also its stability with time, the variability
of its chemical and physical properties as a function of the crystal form, etc. The
search for and characterization of crystal forms is therefore a crucial step in the
development of a new chemicals with relevant consequences on intellectual property
issues [1,27-29].

Different crystal forms are often recognized by differences in the colour and
shape of crystals. A striking example of these two properties is provided by the
differences in colour and form of the crystal forms of ROY (ROY =red, orange,
yellow polymorphs of 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophene carbonitrile)
[30, 31]. Colour and shape are only some of the possible differences and Table 1
summarizes some major possible differences in chemical and physical properties
between crystal forms and solvates of the same substance. In addition, one has to
consider that new and different properties may derive from a change in the nature
and chemical composition of the same molecule as a consequence of salt formation
or co-crystallization. For each new crystal form obtained, a full characterization
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density and refractive index, thermal and

PHYSICAL AND electrical conductivity, hygroscopicity,
THERMODYNAMIC melting points, free energy and
PROPERTIES chemical potential, heat capacity, vapor

pressure, solubility, thermal stability

electronic, vibrational and rotational
spE:.IggS:%PEISC properties, nuclear magnetic resonance

spectral features

rate of dissolution, kinetics of solid state
KINETIC PROPERTIES reactions, stability

surface free energy, crystal habit, surface

SURFACE PROPERTIES area, particle size distribution

MECHANICAL

PROPERTIES hardness, compression, thermal expansion

CHEMICAL PROPERTIES chemical and photochemical reactivity

Fig. 2 Examples of chemical and physical properties that can differ among crystal forms and
solvates of the same substance

should be done since the new form can have different properties, such as higher
solubility or higher melting point (Fig. 2).

4 Characterization of Multiple Crystal Forms

The exploration of the “crystal form space” of a substance is the search of poly-
morphs and solvates in order to identify the most stable form and the existence
of unstable forms that interconvert (enantiotropism) or do not (monotropism) as a
function of the temperature. This also applies to amorphous and solvate forms. The
relationships between the various phases and commonly used industrial and research
laboratory processes are schematically illustrated in Fig. 3.

It is worth stressing that polymorph assessment in industrial research and de-
velopment as well as during processing is part of the system of quality control.
Therefore it is necessary to make sure that the scale-up from laboratory preparation
to industrial production does not introduce variations in crystal form. Polymorph
assessment also guarantees that the product conforms to the guidelines of the appro-
priate regulatory agencies and does not infringe the intellectual property protection
that may cover other crystal forms [32].
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Fig. 3 Some general relationships between polymorphs, solvates and amorphous phases and the
type of research laboratory or industrial or process for preparation and interconversion: / crystal-
lization; 2 desolvation; 3 exposure to solvent/vapour uptake; 4 freeze drying; 5 heating; 6 melting;
7 precipitation; 8 quench cooling; 9 milling; /0 spray drying; // kneading; /2 wet granulation.
Analogous relationships apply to polymorphic modifications of solvate forms. Note that the figure
represents general trends rather than every possible transformation; the presence or absence of an
arrow or number does not represent the exclusive existence or absence of a transformation

The screening of crystal forms is best achieved by the combined use of several
solid-state techniques, such as hot stage microscopy, differential scanning calorime-
try, thermogravimetric analysis and X-ray diffraction. Powerful complementary
tools are also provided by solid-state spectroscopic techniques such as solid state nu-
clear magnetic resonance spectroscopy [33] and Raman spectroscopy [1]. Of great
relevance is the possibility of determining the molecular and crystal structure of a
crystal form by means of single crystal X-ray diffraction. This technique, although
much more demanding than powder diffraction in terms of experiment duration and
data processing, has the great advantage of providing detailed structural information
on the molecular geometry. Furthermore, it affords insight into the factors control-
ling the packing of the molecules in the crystal and the nature and structural role of
solvent molecules. Knowledge of the single-crystal structure allows a direct com-
parison between the X-ray powder diffraction pattern, calculated on the basis of the
structure, with the one measured on the polycrystalline sample as it will be diffusely
used in the following description of specific cases.

Importantly, the calculated diffraction pattern is not affected by the typical
sources of errors of experimental powder diffraction (preferential orientation, mix-
tures, presence of amorphous phase) that often complicate or render uncertain the
interpretation of measured powder diffractograms; hence the calculated powder pat-
tern is often referred to as the “gold standard” pattern for a crystal form.

The search for various crystal forms requires that the behaviour of a solid
phase is investigated as a function of the variables that can influence or deter-
mine the outcome of the crystallization process, e.g. temperature, choice of solvents,
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crystallization conditions, rate of precipitation, interconversion between solid forms
(from solvate to un-solvate and vice versa), pressure and mechanical treatment, ab-
sorption and release of vapour, etc. [24]. Techniques such as hot stage microscopy,
DSC and micro-DSC can be used to obtain a semiempirical energy—temperature
diagram [34, 35] that can be helpful in designing protocols for screening for crys-
tal forms.

Another powerful tool for the investigation of the structural relationship between
crystal forms is variable temperature X-ray diffraction that provides information on
phase transitions and or on adsorption/desorption of solvent molecules (and chemi-
cal reactivity, of course, but this is of less concern in this context).

Beside the traditional thermal and solution methods for obtaining new crystal
forms, many other methods are being used or developed in the quest for multi-
ple crystal forms. Some of these methods are based on the knowledge of crystal
structures in the literature [16], the application of crystal engineering principles
(based on hydrogen-bonding patterns) to the preparation of new multicomponent
solids [36,37], the induction of crystal forms by using polymeric substrates [38], the
development of high-throughput crystallization technology [39], the utilization of
solid—solid and solid—gas reactions [40], solvent-free synthesis [41,42], the desolva-
tion of solvated crystals [43] and crystallization from a supercritical solvent [44,45].
These methods, combined with the development of new technology [39], the at-
tempts to design and control crystal structure [46], combined with some spectacular
encounters with new (and undesired) crystal forms [47] (see Sect. 5) and some high
profile pharmaceutical patent litigations [1], have led to many new techniques for
exploring the crystal form space of any particular substance.

5 Examples of Crystal Form Identification and Characterization

There is no protocol of polymorph screening that can guarantee the identification
of all crystal forms of a given molecule. As pointed out in the previous section,
the understanding of a system exhibiting multiple crystal forms is best achieved
by studying the system with a wide variety of analytical tools. We have chosen to
illustrate this aspect by means of two recent examples coming from our own work.

The first example is that of cinchomeronic acid, which has been known for al-
most a century [48]. The cinchomeronic acid 3,4-dicarboxypyridine is one of the six
isomers of the acid pyridinedicarboxyl; all isomers are widely utilized in the con-
struction of coordination networks [49—51]. The presence of two of cinchomeronic
forms is reported in the PDF-2 [52], while the crystal structure has been determined
only for one form [53]. We have investigated the structural relationship between
these two crystal forms by a combined use of single-crystal X-ray diffraction, IR
and Raman spectroscopy, and solid state NMR spectroscopy [54]. Form I crystal-
lizes in an acentric orthorhombic group, while form II crystallizes in a centric mon-
oclinic group (Fig. 4), due to a static disorder for the nitrogen position (Fig. 5).
The zwitterionic nature of the acid in both forms has been confirmed by 'H MAS,
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Fig. 4 Concomitant polymorphs obtained from an ethanol/water solution: rods form 1, blocks
form II a Comparsion between the experimental and calculated powder diffractograms of form
I'and form II b

a i 7b b /L;II)
» o
50 e

XN, e

Fig. 5 Chains present in form I a and form II b; the adamantoid network formed by N-H +---O—
hydrogen bonds among the chains and the overall crystal structure formed by the three interpene-
trating networks in form I ¢; interactions N-H + - - -O— and C-H- - - O— among the chains and the
2D-network present in form I d

ﬁ*

13C CPMAS and !N CPMAS (Fig. 6). The single crystal structures give us a view
of the hydrogen bonds formed by the molecule of cinchomeronic acid in the solid
state; in both structures the molecules of cinchomeronic acid form infinite chains via
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Fig. 6 >N CPMAS spectra of cinchomeronic acid: form I (fop) and form II (bottom) recorded at

27.2 MHz with a spinning speed of 5 kHz which confirm the zwitterionic nature of cinchomeronic
acid in both crystal phases

short O-H—O hydrogen bonds between the carboxylic and carboxylate groups (see
Fig. 5). In form I the zwitterion chains are ordered and are connected via N-H—O
interactions to form a threefold interpenetrating networks. In form II, on the other
hand, the presence of static disorder leads to crystallographic equivalence between
the -COO and —COOH groups (see Fig. 5) and the nitrogen atom is disordered over
two positions, which leads to a longer and weaker N—-H—O hydrogen bond consis-
tent with the IR and Raman spectra. Both forms decompose before melting without
any interconversion, which suggests the presence of a monotropic system, while
the slurry experiment indicates that form I is the thermodynamically stable form.
The crystal structure and spectroscopic analysis indicate that the difference in sta-
bility can be ascribed to the strength of the hydrogen bonding patterns established
by the protonated N-atom and the carboxylic/carboxylate O-atoms. The possibility
of optimizing the hydrogen bond interaction in form I, with respect to the somewhat
looser interactions allowed by the packing in form II might be responsible for the
stabilization of the crystal structure of form I.

Another example is provided by the two different crystal forms of the salt
[HN(CH,CH;)3NH] [OOC(CH,)COOH], obtained depending on preparation
technique (grinding or solution) and crystallization speed. Form I, containing
mono-hydrogen malonate anions forming conventional intramolecular O-H - - - O
hydrogen bonds and inter-ionic N-H - - - O hydrogen bonds, is obtained by solid-state
co-grinding or by rapid crystallization, while form II, containing both intermolecu-
lar and intramolecular O-H- - - O hydrogen bonds, is obtained by slow crystallization
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Fig. 7 Form I (top) and II (bottom) of [HN(CH,CH, )3 NH][OOC(CH,)COOH], and the hydrogen
bonded anion - - - cation chains present in their crystals. Form I is obtained by solid-state co-
grinding or by rapid crystallization, while form II is obtained by slow crystallization

(see Fig. 7). Form I and II do not interconvert, while form I undergoes an order—
disorder phase transition on cooling. One can envisage the two crystalline forms as
hydrogen bond isomers of the same solid supermolecule [55].

6 Examples of Solvate Crystal Forms and Interconversion

An intriguing case of interconversion between unsolvate and solvate crystals is
observed when [N(CH,CH,)3N] is reacted with maleic acid [HOOC(HC=CH)
COOH]. The initial product is the anhydrous salt [HN(CH,CH,)3N] [OOC(HC=
CH)COOH], which contains chains of (*)N-H ---N*) bonded cations [HN(CH,
CH;)3N]* and “isolated” [OOC(HC=CH)COOH] ™ anions [56].

Upon exposure to humidity the anhydrous salt converts within few hours into the
hydrated form [HN(CH,CH;)3;N] [OOC(HC=CH)COOH] - 0.25H,0, which con-
tains more conventional “charge-assisted” (*)N-H---O(~) hydrogen bonds between
anion and cation (see Fig. 8). This latter form can also be obtained by co-grinding.

In a similar process, crystals of [Ru(n6—C6H6)2][BF4]2 have been crystal-
lized from nitromethane as the solvate form [Ru(n®~CgHg)2][BF4)z - MeNO,.
These solvate crystals, if exposed to air, rapidly convert to the unsolvate form
[Ru(n®-CgHg)2][BF4)>. The nature of this latter compound was established from
single crystals obtained from water in the presence of seeds of the powder material
obtained from desolvated crystals [Ru(n®~CgHg)2][BF4]2 - MeNO; [57]. The oppo-
site process, namely solvent uptake, can often be activated by mechanical treatment
of unsolvate crystals. There are several reports that even gentle grinding of a powder
product may lead to the formation of a hydrated product [58-60].

Another example is provided by the hydrated salt [Co(ns—CsHs)z]™ [Fe(ns—
CsH4COOH)(ns-CsH4COO)]~ - H,O, which is obtained by simply grind-
ing in air the crystalline powder of [Co(ns—CsHs)z]" [Fe(ns—CsHsCOOH)
(Ms—CsH4COO)]~ that precipitates from THF or nitromethane on reacting
[Co(ns—CsHs)a] with [Fe(ns—CsH4COOH),| [61]. Once [Co(ns—CsHs)z| ™ [Fe
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Fig. 8 Views of the packing and hydrogen bonding in the anhydrous salt
[HN(CH,CH;)3N][OOC(HC=CH)COOH] (left) and of the hydrated salt [HN(CH,CH;)3N]
[OOC(HC=CH)COOH]H,0y 25 (right)

(Ms—CsH4COOH) (15—CsH4COO)]~ - H, O has been obtained by grinding, its single
crystals can be grown from water or nitromethane, while crystals of the anhydrous
form are no longer observed. However, on heating, the hydrated form loses water at
373 K and reverts to the starting material.

7 Solid-Gas Reactions: A Route to New Crystal Forms

Solid—gas reactions have been known for a long time and have recently attracted a
renewed interest in the strive to find environmentally friendly processes. Since the
reactant is a crystalline solid, the issue of whether different crystal forms would re-
act in the same or a different way towards a gaseous reactant is of interest to the
discussion. We have tackled this question by exploiting solid—gas reactions between
crystal polymorphs of the same acidic substance and vapours of volatile bases, in-
vestigating in turn the inverse process, i.e. removal of the vapours from the crystal
structures by thermal treatment.

The possibility of different chemical behaviour of polymorphic modifications
has been explored before only in the case of indomethacine amorphous and crystal
forms reacted with ammonia by Stowell, Griesser, Byrn et al. [62]. We have inves-
tigated two rather different systems, namely the polymorphic forms of barbituric
acid [63] and of ferrocene dicarboxylic acids [64], which have been reacted with
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Fig. 9 Hydrogen bond networks present in the dihydrate form a, form I b and form II ¢ of barbituric
acid

volatile bases. Solid barbituric acid is known as two polymorphic forms (forms I
and II) and as a dihydrate form for which single crystal data are available allowing
computation of the theoretical powder diffractograms [65-68]. Views of the pack-
ings of the three forms are shown in Fig. 9. De-hydration of the dihydrate form has
also been investigated, showing that it releases water to yield exclusively crystals of
form II. We have been able to show that forms I, II and the dihydrate form of barbi-
turic acid react with ammonia leading to the same crystalline ammonium barbiturate
salt NH4(C4H3N,03), while the gas—solid reactions of form II with methylamine
and dimethylamine yield the corresponding crystalline salts CH3;NH;3(C4H3N203)
and (CH3),NH,(C4H3N;,03), respectively. The processes are shown in Fig. 10.

Thermal desorption of the bases at ca. 200°C leads to formation of a new crys-
tal form of barbituric acid, form III, as confirmed by H'-NMR spectroscopy and
by chemical behaviour. Unfortunately several attempts to crystallize compound IIT
yielded only the formation of the dihydrate form (Fig. 11).

Similarly, the reactions between solid 1-3 dimethylbarbituric acid (dmb)
with vapours of NHj3 and of the volatile amines NH,(CH3), and NH(CHj3),
have been investigated [69]. The barbiturate salts [NH4]dmb, [NH3(CH3)]dmb
and [NH;(CH3);]dmb have been characterized by X-ray powder diffraction
(XRPD), differential scanning calorimetry and thermogravimetric analysis. The
solid—gas reactions were monitored by UV-Vis spectroscopy in the solid state.
In the case of [NH,(CHj3),]dmb, recrystallization from methanol yields the salt
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Fig. 11 XRPD recorded at different temperatures from room temperature to 250°C on crystalline
NH4(C4H3N,03) showing the presence of new reflections at 200°C

[NH,(CHj3),|[DMB] - 2[DMBA], while recrystallization of [NH3(CHjz)]dmb yields
both the dimerization product [NH3(CHj3)][(CsO3N2Hg)2—OH] - 2H,O and the hy-
durilate salt [NH3(CH3)]2[(CsO3N2Hg)2], i.e. the product [NH3(CH3)]dmb is only
accessible via. the solid—gas reaction.

In an analogous study, crystalline form I (monoclinic) and form II (tri-
clinic) of ferrocene dicarboxylic acid [Fe(nS—C5H4COOH)2] have been reacted
at room temperature with the gaseous bases NHj3, NHy(CH3z) and NH(CHj3),
[64]. The two crystal forms behave in exactly the same way in the solid-
gas reaction generating the same products, identified as the anhydrous crys-
talline salts [NHy]z[Fe(n°~CsH4COO),], [NH3CHj3),[Fe(n’~CsH4COO),], and
[NH,(CHj3),]2[Fe(n’—CsH4COO),]. Interestingly though, all these crystals revert
via vapour release exclusively to the metastable crystalline form I, as shown in
Fig. 12.

This is not surprising per se, because there is no reason why, if the reaction is
quantitative, the crystalline salt product should “remember” which crystal form it
comes from. It is instead of relevance that forms I and II of [Fe(ns—C5H4COOH)2]
are not known to interconvert via a solid—solid phase transition, hence they consti-
tute a monotropic system. The ammonia absorption/release process, therefore, can
be seen as a solid state way to convert the thermodynamically stable form II into the
metastable form I. The process is schematically represented in Fig. 13.
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Fig. 12 Comparison between the experimental powder diffractograms of compound 1, obtained
from the solid—gas reaction with ammonia of form I (fop) and form II (bottom), respectively
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Fig. 13 Reaction of crystalline forms I and II with vapours of NH3 yields the same salt, which
upon heating and removal of NH3 generates only the monoclinic form I

8 Co-Crystals and Salts, Co-Crystals or Salts?

In this last section we focus on co-crystals. Although co-crystals, i.e. multicompo-
nent crystals containing chemically different molecular units in the asymmetric unit
have long been known [70], they have recently become an important field of new
discoveries and innovation under the strive to find new drugs and the potential of
extension of IP protection on existing ones [71-73].
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The definition of a co-crystal is still matter of debate [74, 75]. The definition
initially put forward by Aakeroy focused on the aggregation state: “co-crystals
are made from reactants that are solids at ambient conditions” [76] and has also
been taken up by others [71,77]. This definition, however, is not without ambiguity
(see below). We prefer to take up Dunitz’ more liberal view of co-crystals as “en-
compassing molecular compounds, molecular complexes, solvates, inclusion com-
pounds, channel compounds, clathrates, and other types of multi-component crys-
tals.” This view has been echoed recently by Stahly [78] who wrote that: “co-crystals
consist of two or more components that form a unique crystalline structure having
unique properties.” At the bottom line, these multicomponent systems ought to be
looked at as crystals of supermolecules whereby the component units interacting via
non-covalent interactions generate collective physico—chemical properties that are
different from those of the homo-molecular crystals formed by the components.

One may wonder whether solvates would fall under the same broad definition.
We would argue in favour, not only because solvent molecules themselves form their
own crystalline materials at appropriate temperature (ice!) but also because, as we
have argued above, solvate crystals do not necessarily come from solutions since
vapour or any other volatile molecule can be taken up from the ambient atmosphere
and become incorporated into the crystal. Since we are dealing with crystal forms,
it is useful to also remind the reader that the term pseudopolymorphism is not ap-
propriate to refer to solvate forms of a given molecular crystal [23,79, 80] because
solvate crystals can themselves be polymorphic!

In a recent paper, Bond listed a number of interesting controversial examples
of co-crystals [81]. For example, dioxane, C4HgO», forms isostructural 1:1 two-
component crystals with I, Bry or Clp, which at room temperature and 1 bar pres-
sure are solid, liquid, and gas, respectively [82-84]. Clearly a distinction based on
the aggregation state of one component has little significance.

The crystal structures of 13 co-crystals formed by n-alkylcarboxylic acids and
pyrazine in 2:1 stoichiometry have been reported [85, 86]. The acids include formic
acid, which is liquid at room temperature, up to the tridecandioic acid which is solid.
Pyrazine is also a solid. Clearly, the early members of this series cannot be called
solvates only because the co-former is liquid, while from decanoic to tridecandioic
the acid/pyrazine systems are co-crystals. Another example is the two-component
crystals formed by picric acid forms and benzene, naphthalene and anthracene
(amongst others), which contain stacks of alternating molecular components that
are clearly comparable in all three structures [87—89]. All of these crystals are sta-
ble at room temperature.

Not only it is difficult to distinguish between a co-crystal and a solvate (as a
matter of fact all molecules are solid and form crystals at sufficiently low temper-
ature) but it is also often difficult to distinguish between a crystal and a salt. As
discussed above in the case of hydrogen-bonded systems between acids and bases
the transition between a salt and a co-crystal may be a very semantic issue depend-
ing exclusively on the position of a proton along a N - - - O supramolecular link [90].

Proton transfer along a hydrogen bond poses an interesting question about
polymorph definition. In fact, proton mobility along a hydrogen bond (say from
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O-H---Nto (HoO-- -H—NH)) may not be associated with a phase transition, even
though it implies the formal transformation of a molecular crystal into a molecular
salt. This situation has been observed, for instance, for the proton migration along
an O-H---O bond in a co-crystal of urea—phosphoric acid (1:1) as a function of
temperature [91,92].

Mootz and Wiechert have isolated two co-crystals of pyridine and formic acid:
in the 1:1 co-crystal, proton transfer from formic acid to pyridine does not take
place, while in the 1:4 co-crystal N-H() ... O interactions are present (see Fig. 14)
[93]. Examples of this kind are rare, but serve to stress how the phenomenon of
polymorphism can be, at times, full of ambiguity.

In order to tackle the problem of the co-crystal or salt nature of acid—base
adducts we have used the same approach illustrated above in the case of the poly-
morphs of barbituric and cinchomeronic acid, namely a combined use of diffraction
and spectroscopic methods in the investigations. We have shown that mechanical
mixing of a di-nitrogen base [N(CH,CH,)3N] (dabco) and of dicarboxylic acid
HOOC(CH,;),COOH(n = 1-7) affords a series of hydrogen-bonded adducts of gen-
eral formula [N(CH,CH,)3N]-H-[OOC(CH,),COOH](n = 1-7, that is to say 1C3,
1C4, 1C5, 1C6, 1C7, 1C8, and 1C9) (see Fig. 15) [21].

These compounds can be classified as co-crystals or salts depending on whether
proton transfer from oxygen to nitrogen takes place or not along the O-H—N
bonds [94]. In order to address this issue we have compared the results of an X-ray
investigation carried out on single crystals grown from the solid-state products by
seeding the corresponding methanol solutions with those obtained from the poly-
crystalline powder by solid-state 'H and >N and '3C spectroscopy.

For example, it has been possible to correlate the isotropic 'H and N chem-
ical shift data with the N-O distances of the atoms involved in the hydrogen
bond interaction in a series of solid adducts of formula [N(CH,CH,);N]-H-
[OOC(CH,),COOH](n = 1-7) (Fig. 16). The 'H MAS and >N CPMAS NMR
data are in agreement with the X-ray data and allow discrimination between the
proton transfers for the 1C3 and 1C5 adducts and the strong N - - - H-O interactions

N

‘;}"x

XX

Fig. 14 The 1:1 co-crystal of pyridine and formic acid where the proton transfer does not occur
(left) and the 1:4 co-crystal of pyridine and formic acid where the formate anion is present (right)
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Fig. 15 Schematic representation of the packing motives in [N(CH,CH,)3;N]-H-[OOC(CH>),
COOH](n = 1-7, i.e. 1C3, 1C4, 1C5, 1C6, 1C7, 1C8, and 1C9)

(without proton transfer) for the 1C4, 1C7, 1C8 and 1C9 co-crystals. 1C6 repre-
sents an intriguing case in which one of the nitrogen atoms of dabco is intermediate
between the protonated and non-protonated forms. Density functional theory, ap-
plied to explore changes upon hydrogen bonding in the 'H and "N shielding
parameters, is in agreement with the experimental values found by solid-state NMR
spectroscopy [95, 96].
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Fig. 17 Melting point alternation in neutral acids and in compounds 1C3-1C9
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Comparison of melting point data of the neutral organic acids and of the co-
crystals and salts discussed herein yields another interesting observation. As shown
in Fig. 17, the melting points of compounds 1C3-1C9 follow a trend very similar

to that of the acids, i.e. they show an alternation of melting points as a function of

the even—odd carbon chain length.
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In summary, at room temperature malonic and glutaric adducts are salts; adipic is
ambiguous; succinic, pimelic, suberic and azelaic adducts are co-crystals. Diffrac-
tion data and solid-state NMR data are in agreement except in the case of compound
1C6, which shows proton motion on the NMR time scale. Salt or co-crystals — does
it matter? The melting points of compounds 1C3-1C9 do not correlate with the salt-
like or co-crystal nature of the adducts, but rather with the even—odd carbon chain
length in spite of the substantial differences in supramolecular arrangements in the
crystals of the adducts with respect to those of the parent diacids.

On closing this discussion on co-crystal systems, it is useful to cite few examples
(selected from the many available in a rapidly expanding literature) of the impor-
tance of co-crystals in the pharmaceutical field. Piracetam, (2-oxo-1-pyrrolidinyl)
acetamide), has been co-crystallized by Zaworotko et al. with gentisic acid and p-
hydroxybenzoic acid (see Fig. 18) [22].

Co-crystals of 4-hydroxybenzoic acid (4HBA) and 2,3,5,6-tetramethylpyrazine
(TMP) (2:1) have been reported as a case of supramolecular synthon polymorphism
in a co-crystal (see Fig. 19); in fact the two forms exhibit different hydrogen bond
interactions. The co-crystal form I does not follow the hierarchy of hydrogen bond-
ing, and converts into the stable form II, which follows the hierarchy of hydrogen
bonding [97].

In yet another example, a co-crystal of caffeine and adipic acid [98] has been
isolated by a co-crystallization methods based on a suspension/slurry containing
both components of the co-crystal system. This approach provides an optimal
environment for the putative co-crystal formation because the activity values of both

Fig. 18 Co-crystals of piracetam, (2-oxo-1-pyrrolidinyl) acetamide with gensitic a and ¢, and
p-hydroxybenzoic acids b and d
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Fig. 19 Linear chain formed through carboxylic acid dimer and hydroxyl O-H---N hydrogen
bonds in form I (fop). Herringbone network in form II (bottom)

Fig. 20 View of caffeine—adipic acid trimers along the crystallographic plane (1 -2 0). The trimers
are linked via hydrogen-bonded adipic acid molecules into molecular tapes

components are held at one. This method was applied to 16 pharmaceutically related
co-crystal systems and was found to be 100% successful [99]. In the case of the
co-crystal caffeine/adipic acid, a suspension of caffeine and adipic acid (1:1 molar
ratio) in acetonitrile was prepared and equilibrated overnight at ambient tempera-
ture. The powder X-ray diffraction pattern of the solid after equilibration indicated
formation of a new solid phase, which was then characterized as shown in Fig. 20.
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Fig. 21 Anti-parallel centrosymmetric carbonyl—carbonyl interaction between two molecules (top)
and the packing motif (bottom) of chlorzoxazone in co-crystal form 1. Repulsive C-H - - - C1-C
interactions are in light grey

Evaporative crystallization experiments containing equimolar ratios of the API
and guest has been instead used to obtain co-crystals of chlorzoxazone with car-
boxylic acids [100]. Two polymorphs of a chlorzoxazone:2,4-dihydroxybenzoic
acid co-crystal and one form of a chlorzoxazone:4-hydroxybenzoic acid co-
crystal have been characterized and the crystal structure of chlorzoxazone:2,4-
dihydroxybenzoic acid (form 1) reported and analyzed, revealing an uncommon
carbonyl—carbonyl interaction and a destabilizing C-H- - -Cl-C interaction (see
Fig. 21).

9 Conclusions

The scope of this review has not been that of providing the reader with a comprehen-
sive coverage of the topic of crystal forms, rather we have aimed at an introductory
view of the phenomena of multiple crystals forms in general, and polymorphism in
particular. For reasons of space, many problems have not been addressed (e.g. theo-
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retical methods to study polymorphism), in particular the computational exploration
of the possible crystalline structures of a given molecule. The interested reader will
find in the necessarily limited number of references a good starting point for further
reading.

The question on whether a crystalline material contains only molecules A in
different arrangements (e.g. polymorphs), or molecules A and molecules B, and
whether this latter association ought to be considered a co-crystal or a solvate is
somewhat semantic. It is unquestionable, however, that crystals of different com-
position not only have different crystal structures but also may possess different
physical properties, such as solubility, thermal behaviour, resistance to mechanical
stress, gas-absorption/release capacity, colour, melting point etc. These differences
may be relevant, and carry economical and practical implications, when consider-
ing, for instance, the bio-availability of a drug or the thermal stability of a pigment.

Reproducibility and predictability are paradigms in the exact sciences. This is
why, beside all the utilitarian reasons associated with the marketing of solid state
materials, we would like to learn how to make polymorphs, or, which is the same,
how to effectively prevent polymorph formation. If seeds of a polymorphic mod-
ification can be obtained from non-solution methods (i.e. mechanical, thermody-
namical, perhaps solid state reactions) these can be used in the seeding process,
which may allow growth of less kinetically favoured crystal forms. Seeding may be
valuable not only to obtain the desired crystalline form, but also to prevent crys-
tallization of undesired forms. One could argued that polymorphism, with its high
degree of serendipity, could be the nemesis of crystal engineering because poly-
morphism is in logical contrast with a discipline that aims to control and reproduce
univocally a given crystal structure. This is not true (rather the investigation of crys-
tal forms) of the way a molecule recognizes another molecule, whether the same or
a different one, and links to form stable or metastable supramolecular arrays, it is
rather a way fo tfune synthetic and assembly strategies to obtain the desired crystal
structure, which is the paradigm of crystal engineering.
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Porous Coordination Polymers Towards
Gas Technology

Satoru Shimomura, Sareeya Bureekaew, and Susumu Kitagawa

Abstract Gas sorption is a key technology for solving the global issues of energy
and the environment that beset the world. From the end of the twentieth century,
porous coordination polymers have been synthesized and studied as candidates for
advanced adsorbents with a wide variety of applications. The regular nanospace
of porous coordination polymers shows unique gas molecule capture and creates a
new chemistry in the field of porous materials. In this article, we focus on the gas
sorption properties of porous coordination polymers. Their uniqueness is illustrated
using current representative results and discussed together with perspectives on the
gas technology.

Keywords: Gas sorption - Metal-organic framework - Microporous materials
- Porous coordination polymer - Self-assembly
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Abbreviations

adip 5,5'-(9,10-Anthracenediyl)di-isophthalate

azpy 4,4'-Azopyridine

1,4-bdc (bdc)
bdt

bipyen trans-1,2-Bis(4-pyridyl)ethylene

BMIm 1-Butyl 3-methylimidazolium

bpdc 4,4'-Biphenyldicarboxylate

bptc 3,3',5,5'-Biphenyltetracarboxylate

btapa 1,3,5-Benzenetricarboxylic acid tris[N-(4-pyridyl)amide]

1,3,5-btb (btb)
1,3,5-btc (btc)
cbbdc

1,4-Benzenedicarboxylate
1,4-Benzeneditetrazol-5-yl

1,3,5-Benzenetribenzoate
1,3,5-Benzenetricarboxylate

1,2-Dihydrocyclobutabenzene-3,6-dicarboxylate

dabco 1,4-Diazabicyclo[2.2.2]octane

DFT Density functional theory

FCC Fluidized catalytic cracking

eg Ethylene glycol

GC Gas chromatography

GCMC Grand canonical Monte Carlo

MOF Metal—organic framework

ndc 2,6-Naphthalenedicarboxylate

OMS Open metal site

PCP Porous coordination polymer

pd Propanediol

pzdc Pyrazine-2,3-dicarboxylate

pyz Pyrazine

Pur Purinate

QoM Quantum mechanics

gptc Quaterphenyl-3,3",5,5" -tetracarboxylate
tatb 4.4’ 4"_s-Triazine-2,4,6-triyltribenzoate
TMA Trimesic acid

tmbdc Tetramethylterephthalate

tptc

Terphenyl-3,3",5,5" -tetracarboxylate
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ttdc 2,2":5',2" -Terthiophene-5,5"-dicarboxylate
Stdc Styrene-2,5-dicarboxylate

STP Standard temperature and pressure

UMS Unsaturated metal center

XRPD X-ray powder diffraction

ZIF Zeolitic imidazolate framework

1 Introduction

Low molecular weight molecules such as Oy, Np, CO,, CHy, and alkanes (C2-
C3) are gases inevitably associated with human life and thus with global issues of
energy and the environment. One of the important key technologies for these gases
is “storage.” Currently, there are three ways of storage: (i) as liquefied gas (LG) at
low temperature, (ii) as compressed gas (CG) at high pressure, and (iii) as adsorption
gas (AG) at ambient temperature and low pressure. Among these technologies, the
AG method is highly preferable because it is safe, energy-efficient, and requires
only light containers for transportation. Conventional materials (inorganic zeolites
and activated carbons) are candidates for this purpose; however, they are still not at
a practical stage for various reasons. At present, the invention of low pressure gas
storage technology is urgent for vehicle fuel tanks and safe transportation of useful
but dangerous gases. In addition, high efficiency separation technology, different
from conventional distillation, is essential for low-energy separation of petroleum
products, air, pollutant gases, and other industrial materials [1, 2].

In this context, porous materials could represent a breakthrough for future tech-
nologies in gas storage and separation. Control of pore size and shape is important
for separation. For selectivity of the desired gas it is necessary to achieve a pore size
in the region of less than 0.1 nm, associated with pore surface functionalization.
For example, the kinetic dimensions of oxygen and nitrogen molecules are 0.346
and 0.364 nm, respectively. Therefore, to separate these gas molecules by molecular
sieving, we must control pore size more acutely.

Creation of novel porous materials for these purposes is epoch-making in the field
and represents a major breakthrough for the future technologies of environmentally,
energetically, and biologically important gases such as Hy, CHy, CO,, NO etc.

2 Porous Materials

2.1 Conventional Materials

Porous materials have a long history and are always associated with the life of hu-
mankind. Activated carbons, which are the oldest and most famous porous materials,
were used in a medical setting from as early as 1500 BC [3]. Industrial applications
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Fig. 1 Properties of porous coordination polymers with gas molecules

originated in the late eighteenth century, when it was discovered that activated car-
bons could adsorb gases and remove colored bodies from solution. The problems
associated with activated carbons are the large distribution in physical and chemical
properties, which make them difficult to use in exact studies and applications. These
features come from the randomness of the amorphous structure, which has various
pore sizes and pore shapes. However, activated carbons have been used extensively
in manifold applications because of their inexpensive and convenient source and
the simple synthetic method [3, 4]. Later, many kinds of porous materials, such
as zeolites, were discovered and synthesized one after the other and used in vari-
ous situations. Zeolites, which were found in the middle of the eighteenth century,
are crystalline hydrated alkaline or alkaline-earth aluminosilicates containing pores
and cavities [5]. Today, they are widely used in industrial applications due to their
crystallographically defined pore structures and high thermal and chemical stabil-
ities [6-8]. For example, the majority of the world’s gasoline is produced by the
fluidized catalytic cracking (FCC) of petroleum using zeolite catalysts [9]. On the
other hand, there are some problems associated with them. It is difficult to control
their exact structure and function, and we cannot design and modify the pore size,
pore shape and surface condition with limited inorganic sources. Diversity of design
remains as a big issue to be tackled, not only for zeolites but also for other porous
materials (Fig. 1).

2.2 Porous Coordination Polymers

In the 1990s, the appearance of new porous compounds with an inorganic—organic
hybrid framework made an impact on the field of porous materials and added a new
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category to the conventional classification. Porous coordination polymers (PCPs),
also known as metal-organic frameworks (MOFs), have completely regular mi-
cropores, resulting in a quite large pore surface area and in the highly designable
framework, pore shape, pore size, and surface functionality [10-23]. Their struc-
tures are constructed with the organic ligands as linkers and the metal centers as
connectors. PCPs have both the variety and functionality of the organic materials
and the directivity and regularity of the inorganic materials. These components are
connected by coordination bonds and other weak interactions or noncovalent bonds
(H-bonds, m-electron stacking or van der Waals interactions) to form an infinite
network. These interactions have a smaller binding energy than that of a covalent
bond, which causes the structural flexibility and dynamics in the crystalline state.
This heightens the singularity of PCPs in the field of porous materials [19, 24-26].
In addition, this infinite, absolutely regular structure is formed in a self-assembled
system, without any difficulty or careful control. PCPs are adsorbing materials that
meet scientific and industrial demands with these features. They have attracted the
attention of chemists, physicists, and materials scientists because of interest in the
creation of nanometer-sized spaces and the novel phenomena that occur in them.
There is also commercial interest in their application in separation, storage, and
heterogeneous catalysis.

2.3 Synthesis

The PCPs are generally synthesized in the liquid phase by using solvent as a me-
dia. There are four main synthetic methods for PCPs based on liquid phase reac-
tions (saturation methods, diffusion methods, hydro(solvo)thermal methods, and
microwave and ultrasonic methods) [20]. They have common procedures: All com-
ponents (metal ions and organic ligands) are dissolved in the solvents. After that,
they are mixed together, and then the solution matrix remains in equilibrium. This
means that the final products depend on the synthetic method, even if same starting
reactants are used. The products are often dictated by equilibrium solubility, prod-
uct constant, and potential energy distribution on the synthetic conditions. In highly
excited synthetic conditions (e.g., at high temperature) the product will be in the
most thermodynamically stable state. Meanwhile, under mild reaction conditions,
the product is often the kinetically stable state because of the absence of enough en-
ergy to cross an energy barrier. We can get a wide variety of structures by choosing
the synthetic method and reaction conditions [27-32]. Recently, synthetic methods
for PCPs based on solid phase reactions have started to garner attention.

In mechanochemical methods [33], all components are simply ground with no or
tiny amounts of solvent media. Mechanochemical methods have the advantage of
being able to use insoluble starting materials, which are not suitable for liquid phase
reactions. However, the crystals produced from this method are microcrystals, which
are too small for X-ray single crystal structural analysis. At this point, it is difficult
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to analyze the exact structure of the microcrystals and these methods are used as a
new synthetic approach for known materials.

In addition, a simple synthetic method has been studied to respond to the indus-
trial requests for an electrochemical approach [34]. In this system, bulk metal plates
are arranged as the anodes as well as the metal source in an electrochemical cell,
with the organic ligands dissolved in solvent and a metal cathode. This method fa-
cilitates the quantity synthesis and the achievement of recyclability, but also remains
to be exploited more efficiently and for the scope of the application to be widened.

To obtain fully-engineered PCPs with a desired structure, solvents and counte-
rions should be involved as well as metal ions and organic ligands. They directly
affect the equilibrium solubility product constants of all the potential products. In
particular, they often play a crucial role in identifying the pore structure of PCPs.
Generally, it is impossible to synthesize compounds containing vacant spaces, as na-
ture abhors a vacuum [16]. Hence, the pores will always initially be filled with some
sort of guest molecules such as solvent molecules, excess ligands, or counterions.
After removal of guest molecules, the void space can be usable. The shape and size
of the pores are determined by the included molecules, preventing the construction
of dense structure. This means that different pore structures can be isolated with the
same starting materials by employing appropriate guest molecules as a template.

Comparison of the following two compounds is a simple example of the tem-
plate effect on PCPs synthesis. {[Cos(ndc);(bipyen); 5] - HO}, was synthesized
by hydrothermal reactions of Co(NO3), - 6H,0, 2,6-naphthalenedicarboxylic acid
(Handc), and trans-1,2-bis(4-pyridyl)-ethylene (bipyen) in water (Fig. 2) [35]. The
two-dimensional (2D) networks of interconnected [Coz(ndc), 5] paddle-wheels are
bridged by the bipyen ligands to form threefold interpenetrated three-dimensional
(3D) frameworks, which leaves 3D interconnected channels occupied by water

molecules, with isolated pore cross-sections of 4.3 x 4.3 A% {[Coz(ndc),(bipyen)] -
H,0 - C¢Hg}n was synthesized under similar conditions except that benzene was
added to the reaction mixture. This compound shows another threefold interpene-
trated structure of similar primary framework as the former (Fig. 2). This compound
has a distorted framework generating free space with two pore sizes that are occu-
pied by lattice water and benzene molecules (6.6 x 6.2 A for benzene and 4.4 x 3.5A
for water). This result shows that the pore structure (size and shape) of PCPs can be
easily designed by employing appropriate templates.

The chirality of the PCPs is also controllable by using the template effect.
The three-connected helical (10,3)-a networks can be generated by using the achi-
ral tridentate 1,3,5-benzenetricarboxylate (btc) ligand. The two kinds of related
compounds are roughly isolated by selecting the solvent (template molecules)
[36,37]. The first compound [Ni3(btc)(py)s(eg)e] - (e2)x - (H20)y (x =3,y =4),
in which the small solvent molecules bind in a unidentate fashion, contains fourfold
interpenetrating (10,3)-a networks and has 28% accessible solvent volume. The al-
ternative compound [Nisz (btc)2 (py)e(1,2-pd)s]-11(1,2-pd) - 8(H,0), with relatively
bulky diol solvent molecules acting as bidentate ligands, shows a greatly enhanced
solvent accessible volume of 51%, because only two (distorted) (10,3)-a’ networks
interpenetrate. In the latter case, the framework can be grown homochirally from
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Fig. 2 a Structure of {[Coz(ndc)(bipyen), 5]-H>O}, and b {[Coz(ndc) (bipyen); 5]-HoO-CeHg },,.
Single structures of a and b are shown by the lower framework. Copyright Wiley

enantiomerically pure diol template bound to the metal center. These structures
[Ni3(btc),] represent a successful experience in controling the porosity and even
the bulk chirality of PCPs with the template effect.

The use of chiral template that does not act as ligand appears to have consider-
able scope in the synthesis of chiral frameworks. This method allows the possibility
of forming chiral solids from achiral building blocks, which would remove the need
for a chiral center in the building units and so vastly increase the potential number
of chiral solids. Recently, a chiral induction effect in the ionothermal synthesis was
reported [38]. Use of the chiral ionic liquid 1-butyl 3-methylimidazolium (BMIm)
L-aspartate produces a homochiral framework [Ni(TMA — H),(H,0),] - (BMIm);
(TMA = trimesicacid) from achiral building blocks that crystallizes in space group
P412,2. In addition, replacing L-aspartate with D-aspartate in the ionic liquid in-
duces a material that crystallizes with the opposite chirality. This result shows a new
strategy for creating the homochiral open space with no chiral components. A chiral
open framework is an important goal as there are many potential applications such
as chiral separation and catalysis. Such an effect may open up new opportunities in
the preparation of chiral materials and nanospace.



58 S. Shimomura et al.

From this point of view, the key factors for achieving intentional PCPs are not
only the selection and combination of metal joints and ligand linkers, but also the
solvent or counterion used.

2.4 Relationship Between Porous Properties and Pore Structure

The adsorption of guest molecules onto the solid surface plays an essential role in
determining the properties of porous compounds. This adsorption is governed not
only by the interaction between guest molecules and the surfaces but also by the pore
size and shape. Pores are classified according to their size, as shown in Table 1 [39].
There is no essential difference between adsorption by a macropore and adsorption
onto a single surface, and both are explained well by the Brunauer—-Emmett—Teller
(BET) equation [40]. The adsorption by a mesopore is dominated by capillary con-
densation, which is responsible for a sharp adsorption rise around the mid relative-
pressure region. This effect is not attributable to molecule—solid interactions but to
a purely geometrical requirement, which is illustrated well by the Kelvin equation.
The adsorption in the micropore should not be considered as that of molecules onto
a solid surface but as the filling of molecules into a nanospace, where a deep poten-
tial field is generated by the overlapping of all the wall potentials. In this case, the
adsorption isotherm shows a steep rise at very low relative pressure, and a plateau
after saturation. This feature is effective for trapping gas molecules, which have
only weak interactions at ambient condition. Microporosity and ultramicroporos-
ity thus become more and more important in developing gas storage methods and
technology.

There are six representative adsorption isotherms that reflect the relationship be-
tween porous structure and sorption type. This IUPAC classification of adsorption
isotherms is shown in Fig. 3 [41]. These adsorption isotherms are characteristic
of adsorbents that are microporous (type I), nonporous and macroporous (types II,
III, and VI), and mesoporous (types IV and V). The differences between types 11
and IIT and between types IV and V arise from the relative strength of fluid—solid
and fluid—fluid attractive interactions. When the fluid—solid attractive interaction is
stronger than that of fluid—fluid, the adsorption isotherm will be of types II and IV,
and the opposite situation leads to types III and V. The type VI isotherm represents
adsorption on nonporous or macroporous solid surfaces where stepwise multiplayer
adsorption occurs.

Table 1 Classification of pores

Pore type Pore size [A]
Ultramicropore <5
Micropore 5-20
Mesopore 20-500

Macropore >500




Porous Coordination Polymers Towards Gas Technology 59

Amount adsorbed ——»

Relative pressure ——————

Fig. 3 TUPAC classification of adsorption isotherms. Copyright Wiley

2.5 Pore Structure and Classification of Porous
Coordination Polymers

PCPs mainly have uniform micropore or ultramicropore structures. The pore shapes
are crystallographically defined and not necessarily modeled by slit-like and cylin-
drical pores as in conventional porous materials such as activated carbons and in-
organic zeolites. The uniform micropore or ultramicropore of PCPs whose sizes
are close to the size of guest molecules show unprecedented adsorption proper-
ties. In addition, the definitive pore shape enables us to discuss and understand the
details of the adsorption phenomena. For example, a square pore possesses four
corner sites where a deeper attractive potential for guests is formed by the two
pore walls than at the midpoint of the wall [42]. In this case, two-step adsorption
is expected in the low relative-pressure region, corresponding to the presence of
the two different sites. [Cu(bpdc)(dabco)g 5|, (bpde = 4,4’-biphenyldicarboxylate,
dabco = 1,4-diazabicyclo[2.2.2]octane), with the B net of CaBg, has a uniform

square cross-sectional 1D channel with dimensions of 10.5 x 10.5 Az [43-45]. The
Ar adsorption isotherm measured at 87.3 K shows two steps at relative pressure
of around 1072, which correspond to pore sizes of about 9.5 and 12 A, respec-
tively [46].

Following a suggestion in 1998, PCPs were classified into three categories: first,
second, and third generation (Fig. 4) [47]. The first generation compounds have mi-
croporous frameworks, which are sustained only with guest molecules and show
irreversible framework collapse on removal of guest molecules. The second gen-
eration compounds have stable and robust porous frameworks, which show per-
manent porosity without any guest molecules in the pores. The third generation
compounds have flexible and dynamic frameworks, which respond to external stim-
uli (such as light, electric field, and guest molecules) and change their channels or
pores reversibly. Many inorganic porous materials constructed by covalent bonds
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1st Generation 3rd Generation

Fig. 4 Classification of porous compounds as first, second, and third generation

are classified as second generation compounds. On the other hand, PCPs could af-
ford not only robust second generation compounds but also flexible and dynamic
third generation ones.

The six types of adsorption isotherms assume that the porous host structures are
not altered through the sorption process. If the porous hosts have a flexible and
dynamic nature (e.g., when a structure transformation from nonporous to microp-
orous occurs during the adsorption), the adsorption isotherm has a novel profile,
dissimilar to the conventional type. This phenomenon is one of the advantages of
third generation type PCPs with flexible and dynamic frameworks based on weak
interactions, such as coordination bonds, hydrogen bonds, © — & stacking interac-
tions, and van der Waals forces. These dynamic uniform spaces in PCPs establish a
platform of revolutionary host—guest chemistry with a transformation of the micro-
scopic molecular motion to the macroscopic transition, which is precisely detected
by crystallographic techniques [19,24-26]. They provide detailed information about
sorption phenomena and show unconventional guest accommodations and unique
porous applications.

3 Gas Sorption

PCPs have infinite networks with backbones constructed by metal ions as connec-
tors and ligands as linkers, and form a family of “inorganic and organic hybrid
polymers.” The structural integrity of the building units, which can be maintained
throughout the reactions, allows for their use as modules in the assembly of ex-
tended structures. Werner complexes, B-M(4-methylpyridyl)4(NCS), (M = Ni(II)
or Co(I)) [48], Prussian blue compounds [49-51], and Hofmann clathrates and their
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derivatives have frameworks that are built of CN-linkages between square-planar or
tetrahedral tetracyanometallate(Il) units and octahedral metal(II) units coordinated
by complementary ligands [51], which are known to be materials that can reversibly
absorb small molecules. An early report also exists regarding the use of the organic
bridging ligand to form the PCP [Cu(NOj)(adiponitrile),], with a diamond net;
however, the adsorption behavior was not reported [52].

Since the early 1990s, the amount of research on the structure of PCPs has in-
creased greatly, and some examples with functional micropores have started to ap-
pear. The structural entity of a cavity could be related to a porous property. In 1990,
Robson et al. reported the possibility of anion exchange by soaking a PCP crys-
tal in anion-containing solvent [53]. Subsequently, a study on catalytic properties
for 2D Cd(II)-4,4'-bpy (bpy = bipyridine) coordination polymer was done by Fujita
et al. in 1994 [54]. In 1995, guest adsorption was studied in liquid/solid phases
by the groups of Yaghi [55] and Moore [56]. However, with the use of organic
molecules, the structural robustness after removal of guest molecules was hardly
believed by researchers in inorganic materials because recrystallization is the prefer-
able way for exchange/removal—-inclusion of guest molecules or ions. Even though
the experiments were carried out in liquid/solid phases, a gas/solid phase experi-
ment had been expected to demonstrate that PCPs have porous structures without
guests. Ultimately, the first gas adsorption at ambient temperature was carried out in
1997 by the authors’ group [57], which showed that recrystallization is not the case
for PCPs. Since the epoch-making work, the robustness of PCPs has been accepted
and PCPs are recognized as porous compounds. In a surprisingly short period, their
structural chemistry has attained a mature stage. A survey of the research works in
recent years shows an extraordinary increase in the number of published articles.
Now, PCPs are gaining an important position in porous materials and adding a new
category to the conventional classification.

The adsorption enhancement occurs as a result of the multiple attractive in-
teractions by confronting and neighboring pore walls; this is characteristic of the
nanometer-sized space of a ultramicropore (pore size <2nm) [41]. This adsorp-
tion enhancement effect is useful not only for its application with gas storage ma-
terials and heterogeneous catalysts, but also for the unique properties of confined
molecules that are different from those of the bulk fluid. Ultramicropore filling, also
termed primary micropore filling [58], occurs at very low relative pressure (P/F);
it is associated with enhanced adsorbent—adsorbate interaction and results in a sig-
nificant distortion of the isotherm, as in the case of chemisorption. Generally, in
chemisorption guest molecules are bound to specific adsorption sites via a chemical
bond, whereas physisorption is nonspecific adsorption without any specific binding
sites. This is because the dispersion force, which dominates physisorption, is not
usually very sensitive to surface properties.

Small gas molecules under ambient condition have weak intermolecular inter-
action. To challenge the effective storage of these molecules at ambient tempera-
ture, PCPs possess many advantages compared to other porous compounds such
as zeolites and activated carbons. Highly ordered and dense ultramicropores or mi-
cropores showing the strong adsorption enhancement effect as above can be easily
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constructed by self-assembly synthetic schemes. The pores delimited by only one
organic ligand achieve quite high porosity and effective storage in dilute conditions.
The greatest superiority of PCPs is the designability of the framework and the pore
surface, which provides a variety of surface properties based on organic ligands, af-
fording unique functionalities on the channel surface. In the future this will provide
a chemically interactive pore surface and make PCPs a groundbreaking adsorbent
for the storage of small molecules, which are difficult to store by chemical binding
and accommodation because of their weak intermolecular interactions.

The sorption of Ny or Ar gas at low temperature is generally used for the eval-
uation of micropores [32,45,59-140]. N, and Ar are typical inert gases with no
chemical interaction with the adsorbent. This nature is appropriate for application
of o-analysis and the Dubinin—Radushkevich (DR) equation, which provides sev-
eral micropore parameters such as micropore volume, surface area, and isosteric
heat of adsorption.

The specific surface area is one of the most important factors for evaluat-
ing the pore capacity, and is associated with the number of guest molecules
accommodated by direct contact. Recently, the specific surface areas attain-
able with coordination polymers have increased from 500m”g~', comparable
to that of zeolites, to a very large value of 5000m”>g~!. This value is much
higher than the ideal value of carbon materials, 2630m”>g~!, which is calcu-
lated as the sum of two surfaces of graphite planes. For instance, chromium
compound Cr3OF(bdc); (bdc = 1,4-benzenedicarboxylate) (MIL-101) [87] and
Zn(Il) carboxylate cluster-based coordination polymer ZnsO(btb)s (btb = 1,3,5-
benzenetribenzoate) (MOF-177) [78] show exceptional N, sorption properties
(MIL-101: type I, 1250cm?(STP)g~! at 78K, 750 Torr; MOF-177: type I,
1030cm? g_l, 78 K, 746 Torr) and have large surface areas (5900 and 4500 m? g_l,
respectively) (STP = standard temperature and pressure). In practice, the thinner
the walls of the pores, the higher the specific surface area. In the case of inorganic
zeolites, the pore walls are constructed with a thickness of at least several Si, O, and
Al atoms, whereas coordination polymers afford thin walls. For instance, when the
wall is of 1,4-terephthalic acid it is only one carbon atom thick, which shows that
almost all the atoms constructing porous frameworks can be used as a surface.

4 Gas Storage

4.1 Methane Storage

The ability to store a desired chemical substance is a typical property of porous
materials. Methane (CHy4) is the main component of natural gas, which is an im-
portant candidate for clean transportation fuels. The storage of CH4 by adsorbents
has been pursued vigorously as an alternative to compressed gas storage at high
pressure. However, the conventional adsorbents have afforded insufficient capacity
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of CH4 storage to meet the conditions required for commercial viability. Even in
activated carbons with large specific surface area and micropores, a high percentage
of the mesopores and macropores are not effective for CHy adsorption because the
single surface cannot trap CH4 molecules and therefore the large voids are useless.
To achieve higher adsorption capacity, it is necessary to ensure that micropores with
sizes well suited to methane molecules are densely and uniformly distributed in the
solid. PCPs are therefore good candidates as adsorbents for CHy storage.

Measurement of CH,4 gas adsorption for PCPs was first carried out by using
a coordination polymer, {[Co;(4,4’-bpy)3(NO3)4] - 4H,O},, which adsorbs about
52cm? (STP)g~!' of CH4 at a temperature of 298K and a pressure of 30atm
[57]. In 3D pillared-layer coordination polymers CPL-1, 2, and 6, approximately
18, 56, and 65cm? (STP)g~! of CHy are adsorbed at 298 K and 31 atm, respec-
tively. The triply interpenetrated framework of {[Cd,(NO3)4(azpy)s] - 2MeaCO}y,
(azpy = 4,4'-azopyridine), which creates microporous channels despite the inter-
penetration, also adsorbs a certain amount of CHy (40cm? (STP) g~ ! at 298 K and
36atm) [141]. This is the first case to demonstrate gas adsorption for interpene-
trated coordination polymers. Compounds {[Cu(AFg)(4,4’-bpy)2] - 8H20}, (A=Si
and Ge) show a high CH4 adsorption activity at room temperature and relatively low
pressure (134 and 46cm? (STP)g~! for A =Si and Ge, respectively, at 2908 K and
36atm) [72,142].

In this century, other types of complexes with high CH4 capacity have been suc-
cessively synthesized (Table 2) [26,43—45,57,60,70,72,74,77,88,106,108,110,115,
117,121,122,127,129,131,135,141-150]. IRMOF-6 affords a 3D cubic porous net-
work and has high surface area of 2630m” g~ !, estimated by applying the Langmuir
equation [70]. The CHy4 adsorption isotherm was found to have an uptake of 240cm?
(STP) g~! (156cm? (STP) cm™3) at 298 K and 36 atm. On the basis of volume
(v/v), the amount of methane adsorbed by IRMOF-6 at 36 atm represents 70% of the
amount stored in compressed methane cylinders in laboratories where much higher,
unsafe levels of pressure (205 atm) are used. Other types of highly adsorbant PCPs
are reported, in which 2D carboxylate-bridged polymers of [Cu(OOC-L- COO)],
(L=Ph, CH=CH, Ph—Ph, Ph—CH = CH), which have methane adsorption ability in

Table 2 CHj4 storage of porous coordination polymers

Compound CHj4 uptake Conditions Apparent  Pore diam. Ref
surface
area

Temp. Pressure

[em® (STR) g™ '] [K]  [atm] [m?g7] [A]
[Coy(4,4"-bpy)3(NO3)4 52 298 30 - 3,3x6  [57]
[Cu(SiFs)(4,4"-bpy)a] 134 298 36 1337 8 [142]
[Zn4O(cbbdc)s] (IRMOF-6) 240 298 36 2630 9.3 [70]
[Cuy (bpdc), (dabceo)] 212 298 35 3265 10.8 [43]
[Cuy(Stdc), (dabeo)] 213 298 35 3129 9.5 [43]
[

Cuy (H,0), (adip)] 253 290 35 1753 923 [150]




64 S. Shimomura et al.

themselves [144], are bridged by dabco to form more highly porous 3D networks of
[Cu(OOC-L-COO0)(dabco)g 5], with the topology of the net of B in CaBg [43-45].
In particular, the polymers with L=Ph—Ph and Ph-CH=CH adsorb 212 and 213 cm?
(STP) g~ ! (179 and 199 cm? (STP) cm3), respectively, at 298 K and 35 atm [43,45].
Analyses of high-resolution Ar adsorption isotherms at 87.3 K yield BET surface
areas of 3265 and 3129m?g~! for L=Ph-Ph and Ph~CH=CH, respectively. The
adsorption amount of CH4 molecules at around 35 atm appears to increase with
the increase of cross-sectional channel size; however, this is not true. There could
be an upper limit to the size of square pores of (11-12) x (11-12) A%, where a
size suitable to fit CH4 molecules and potential deep enough to store methane are
realized.

4.2 Hydrogen Storage

Hydrogen (H;) has attracted a great deal of attention as an energy source. Once
it is generated, its use as a fuel creates neither air pollution nor greenhouse gas
emissions. However, no practical H, storage and transportation have yet been de-
veloped. So, the development of Hj-fueled vehicles and portable electronics will
require new materials that can store large amounts of H, at ambient temperature
and relatively low pressures with small volume, low weight, and fast kinetics for
recharging. In the field of PCPs, H, adsorption is the noticeable issue and, re-
cently, has been carried out with various compounds [32,79,81,83,84,86,89,90,93,
97-107,109,110,115,117-122,126-130, 132, 134-137, 140, 149, 151-174].

There are two different approaches for H; storage in solid-state porous materials.
The first one is to achieve chemisorption, making a chemical bonding between H,
molecules and solids, which allows a very high volumetric density at near ambient
temperatures and pressures. The second one is to achieve physisorption of hydrogen
on the surface of solids, whose binding energies are much lower than for chemisorp-
tion. This process has significant capacity but at a low temperature, typically that of
liquid nitrogen.

Several PCPs showed the uptake of H, and there are new findings on improving
the efficiency and uptake value (Table 3, 4). For example, MOF-5, a Zn(II) cluster—
dicarboxylate coordination polymer with large cubic cavities, adsorbs up to 4.7 wt%
under 60 bar at 77 K and 1.0 wt% under 20 atm at room temperature [151]. MOF-
505, with Cuy(CO;)4 paddle-wheel units, shows good H, adsorption properties,
adsorbing an exceptional 2.47 wt% at 1 atm and 77 K [83]. MIL-101b, with trimeric
chromium(III) octahedral clusters and abnormally large cavities, exhibits Hy uptake
at ambient temperatures (0.43 wt% under 8§ MPa) and at 77K (6.1 wt% at 8§ MPa),
but saturation is almost reached above 4 MPa [164]. These compounds contain open
metal sites (OMSs) or unsaturated metal centers (UMCs) functionalizing the pore
surface to interact with H, molecules (Fig. 5).

Several neutron diffraction studies revealed that OMSs act as the binding sites
for Hy, molecules in PCPs [99, 166]. This result provides the possibility for strong



Porous Coordination Polymers Towards Gas Technology 65

Table 3 H; storage of porous coordination polymers at low temperature

Compound H; uptake Conditions Apparent  Pore diam. Ref

surface

area

Temp. Pressure
[wi%]  [K] [m?g~!] [A]

Zn3(bdt); 1.46 77 880 Torr 640? 19.6 [100]
Cu3[Co(CN)g]a 1.8 77 890 Torr 730* - [156]
Cos(bpdc)s(4,4'-bpy) 1.98 77 1 atm 9224 8 [158]
Cu3(TMA), (HKUST-1) 227 77 1 bar 11542 3.5/9 [168,174]
Mos(TMA), 1.75 77 1 atm 1280* - [103]
Zn;(bdc), (dabeo) 2.0 78 1 atm 1450* 7.5 [79]
Zn,(bdc)(tmbdc)(dabco) 2.0 78 1 atm 1100% 3.5/8 [84]
Cu; (bptc) (MOF-505) 2.59 77 1 bar 1670*  6.7/8.3/10.1  [84,105]
Cuy(tptc) 2.52 77 1 bar 2247% 7.3 [105]
Cu;(gptc) 224 77 1 bar 29324 8.3 [105]
Cus(tatb), 1.9 77 760 Torr  3800P 5/9.2 [113]

ABET surface area
bCalculated from N, adsorption datacollected at 77 K using the Langmuir model, except where
indicated

Table 4 H, storage of porous coordination polymers at high pressure condition

Compound H; uptake Conditions Apparent  Pore Ref

surface diam.

area

Temp. Pressure
[wie]  [KI  [bar]  [w’g’'] [A]

[AI(OH)(bdc)] (MIL-53(Al)) 3.8 77 1.6MPa  1100° 8.4 [152]
CrOF(btc), (MIL-100(Cr)) 33 77 25 2700° 25/29 [164]
Cr3OF(bdc); (MIL-101(Cr)) 6.1 77 60 5500 8.6/29/34 [164]
Cu2(bptc) 4.02 77 20 1670* 6.5 [105]
Cu2(tptc) 6.06 77 20 2247% 73 [105]
Cu2(qptc) 6.07 77 20 29324 8.3 [105]
Cus(btc), (HKUST-1) 3.6 77 50 1958P 3.5/9 [165,167]
Zn4O(bdc)s (MOF-5) 4.7 77 50 2296* 11.2 [165,167]
Zn4O(cbbdc); (IRMOF-6) 4.8 77 50 3300° 9.3 [168]
Zn4O(ttde)3 (IRMOF-20) 6.7 77 70 4590P 14 [168]
Zn4O(btb)3 (MOF-177) 7.5 77 70 5640° 11/17 [168]

4BET surface area
bCalculated from N, adsorption data collected at 77 K using the Langmuir model, except where
indicated

accommodation, which may explain the present hydrogen-storage properties ob-
served at ambient temperature. However, although these compounds have large
pores, high porosity, and highly interactive sites, the H, sorption properties are not
enough for practical use. An interesting study on the effect of pore size of PCPs on
adsorption reveals that Hy sorption is pore-size dependent [105]. The three Cu com-
plexes with biphenyl, terphenyl, and quaterphenyl tetracarboxylic ligands forming
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Fig. 5 Structure and coordination geometry around OMS of a MOF-505 and b MIL-101b

Cuy(CO, )4 paddle-wheel units show good Hy sorption capacities of 2.59, 2.52, and
2.24 wt% at 78 K (1 bar). Interestingly, the quaterphenyl compound has the low-
est Hy adsorption despite having the largest pore size and pore surface area. The
saturated H, sorption of this compound at 20 bar is almost same as the Hy sorp-
tion of terphenyl compound with smaller pore volume and pore surface (terphenyl
compound: 6.06%; quaterphenyl compound: 6.07%). When we aim to achieve H;
sorption at ambient conditions, a key factor is an affinity for Hy molecules, but not
big pores nor high porosity.

4.3 Carbon Dioxide Capture

Global warming is a serious environmental issue. The technology for selective cap-
ture and immobilization of carbon dioxide (CO;), which is the main greenhouse
gas, is required today. Adsorption-based processes can help to develop this. Some
studies have raised the possibility of zeolites and activated carbons as candidates for
adsorbent materials to achieve the separation and storage of CO,, but they are not
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adequate in terms of efficiency and cost. There is a demand for an effective strategy
and an improvement in providing CO; sorption technology within an environmen-
tally friendly and low-cost system.

In the field of PCPs, CO, sorption is also one of the important targets [26, 59,
62-64,68,73,77,88,92,97,106,107,115,117,121,122,127,129, 135,137,145, 148,
149,153,175-187]. MOF-177 shows high CO, adsorption capacity at ambient tem-
perature (33.5mmolg~!, 35 bar), which is far greater than that of the other porous
materials reported [180]. Compared with zeolite 13X (7.4mmolg~!, 32bar) and
MAXSORB (25mmolg~!, 35 bar), PCPs have the possibility to be materials with
remarkable CO, capture capability, which is based on the high microporosity and
completely regular pore structure.

The interactive pore surface of MIL-53(Cr) with bridged hydroxyl groups can
trap CO;, molecules and enhance the CO, adsorption capacity [188]. In MIL-53,
the unique vibration modes of CO,, which are not observed in the gas phase, can
be observed. In addition, adsorption of increasing amounts of CO, leads to the ap-
pearance of two new bands, which are assigned to the perturbations of both v(OH)
and 6(OH) bands (Fig. 6). These phenomena show the existence of CO, interacted
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Fig. 6 CO; introduction on MIL-53(Cr) activated at 473 K. Spectra of activated MIL-53(Cr) de-
posited on silicon wafer (dotted lines) and then after introduction of increasing CO2 equilibrium
pressures into the cell (solid lines): a 1066 Pa, b 2400 Pa, ¢ 3850 Pa, d 5000 Pa, e 5850 Pa. Inset:
perturbation of the §(OH) mode upon CO; adsorption. * indicates a residual contribution of the
v2 band of CO, gas in the spectra. Copyright RCS
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with the oxygen atom of W,-OH groups. Design of such interaction between gas
molecules and framework is one of the most important factors in achieving high
adsorption properties.

4.4 Gas Molecule Array

The properties of small molecules in ordered, solid form are particularly interesting.
In the case of oxygen (O;), it exhibits a form of magnetism known as antiferro-
magnetism (in which the spins of neighboring electrons align pointing in opposite
directions) and displays metallic conductivity and superconductivity [189]. In addi-
tion, the lower-dimensionally confined forms of gas molecules are expected to pro-
vide novel magnetic and optical properties [190]. However, it is difficult to achieve
these molecular in confined forms with existing methods without extremely high
pressures and/or cryogenic conditions.

PCPs are one of the most plausible candidates for the formation of specific
molecular arrays under mild conditions because of their highly designable nature
and pore homogeneity [18, 70, 84,91, 142, 143]. Sometimes, 1D arrays of solvent
molecules result from the crystallization process [191-194]. O, and NO are among
the smallest stable paramagnetic molecules under ambient conditions and have the
potential to form new molecular-based magnetic and/or dielectric materials. How-
ever, there have not been many successful attempts to form 1D arrays of these para-
magnetic gas molecules through confinement of the molecules in PCPs [195] or
microporous carbon materials [58, 196]. Therefore, to form a regular assembly of
simple molecules in nanochannels, an important key idea is that we use not only the
strong confinement effect of nanospace but also the commensurability between the
host structure and the guest molecule.

As mentioned above, the amount of gas adsorbed in each unit pore of
[Cuz(pzdc)a(pyz)] (pzdc=pyrazine-2,3-dicarboxylate, pyz=pyrazine) (CPL-1)
shows precisely integral values [88, 197]. This commensurate adsorption clearly
indicates the formation of molecular arrays in the 1D channel of CPL-1. Therefore,
to elucidate the structure of the adsorbed molecules, we first performed in-situ X-
ray powder diffraction (XRPD) measurements for CPL-1 accommodating O, mole-
cules, and succeeded in determining a 1D ladder structure of the O, molecular array.
Direct observation of guest molecules accommodated in porous materials by X-ray
and neutron structural analysis is very useful for studying guest adsorption phenom-
ena [79,88,138,147,159,160, 177,179, 198-212]. The overall crystal structure and
geometry of O, molecules are represented in Fig. 6. Two O, molecules are aligned
parallel to each other along the a-axis with an inclination of 11.8° and an intermolec-
ular distance of 3.28(4) A. This intermolecular distance is close to the nearest dis-
tance in solid a—O; phase, whose close-packed structure appears below 24 K. This
result indicates that O, molecules adsorbed in nanochannels form van der Waals
dimers, (O3),. Each dimer aligns along the axis to form a 1D ladder-like structure.
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Fig. 7 a Overall crystal structure of Oz-accommodated CPL-1. The framework and O, molecules
are represented by stick and van der Waals surface models, respectively. b Raman spectra of A
CPL-1 and B CPL-1 with O, molecules. A peak due to the stretching of O, molecules (marked by
an arrow) is shown in B. The abscissas were calibrated using the standard lines from a neon lamp,
and the resolution of the data is 0.6cm™~!. Copyright Elsevier

The X-ray structure analysis reveals that O, molecules are in the solid state rather
than the liquid state, even at 130 K under 80 kPa, which is much higher than the boil-
ing point of bulk O, under atmospheric pressure (54.4 K). This result is ascribed to
the strong confinement effect of CPL-1. The magnetic susceptibility for adsorbed
O, molecules approaches zero with decreasing temperature, which indicates a non-
magnetic ground state of the antiferromagnetic dimer (O;);. The Raman spectrum
of the O, stretching-vibration mode appears as a sharp peak at a higher energy than
that of solid —O; under atmospheric pressure and comparable to that of 0—O, un-
der 2 GPa (Fig. 7) [213].

Interestingly, even under the pressure lower than the saturated vapor pressure,
the densities of the adsorbed phases of O, were much greater than those of the
corresponding bulk liquid phases. This indicates that the adsorbed molecules are
significantly different from the bulk state and, therefore, are considered to be a new
state characteristic of molecules confined in the ultramicropore of CPL-1. These
phenomena have been observed in the linear chain of a coordination polymer; O,
molecules are trapped and form the structure in the space between the 1D coordina-
tion polymers [147,212,214].

CPL-1 can show a high adsorption capability for specific molecules as a result
of the designed channel surface. As-synthesized complex CPL-1-2H,0 shows an
interesting aspect of the pore. The water molecules, acting as guest molecules, are
connected to the oxygen atoms of the carboxylate groups on the pore surface in a
one-to-one fashion, indicating that the oxygen atoms act as basic adsorption sites
for guest molecules (Fig. 8). Accordingly, it is expected that CPL-1 would exert
an effective sorption ability on small molecules having acidic parts by a deep van
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Basic site

H,0 molecules

Fig. 8 Channel structure of as-synthesized CPL-1. 1D array of water molecules supported by oxy-
gen atoms on the pore surface in CPL-1, displayed by stick and van der Waals surface models.
Copyright Elsevier

der Waals-type potential energy well [215] and additional hydrogen-bonding inter-
action. The C,H; molecule has a linear form with acidic hydrogen atoms at both
ends (pK, = 25). On the other hand, the CO, molecule has a rod-shaped form with
the dimension of 3 x 5A, similar to that of C,H,. However, it has no acidic pro-
tons, therefore, we call attention to CPL-1 as a feasible adsorbate for the CoH,
molecule.

A marked difference in the CoH; and CO; adsorption isotherms was observed.
The adsorption isotherms of C,H; show a steep rise at the very low-pressure region
and reach saturation, whereas those of CO, show a gradual adsorption (Fig. 9). The
saturated amount of C,H» corresponds to just one molecule per unit pore. The maxi-
mum ratio of the adsorbed amount of C,H; relative to that of CO; is 26.0 (at 1.1 kPa)
at 270 K, indicating that CPL-1 accommodates CoH, more preferentially than CO,.
The isosteric heat (gg) at the fractional filling ratio of 0.2 of CoH; is 42.5kJ mol ™!
higher than that of CO,, 31.9kJmol~!. These results indicate a higher enhancement
in the interaction of Co,H, with CPL-1 than that of CO».

In the acetylene-accommodated structure, only one C,H; molecule locates in
the middle of the channels, whose stoichiometry is in good agreement with that
of the adsorption measurement. In the channel, the C;H, molecules align along
the axis with an inclination of 78.1° and an intermolecular distance of 4.8 A. This
indicates that they are densely packed with a short intermolecular distance, while
avoiding the close contact that induces an explosion. Each end of the C,H, molecule
is oriented to the two noncoordinated oxygen atoms on the pore wall. The distance
between one hydrogen atom of C,H, and the oxygen atom was found to be 2.2 A,
which is smaller than the sum of the van der Waals radius of hydrogen and oxygen
atoms (2.6A) indicative of the typical O—HC hydrogen bond. These interactions
strongly fix the C,H; molecule in every periodic unit pore and isolate the C,H, in
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Fig. 9 Adsorption isotherms of C,H; and CO, on CPL-1. Copyright Elsevier

the 1D channel, which gives rise to the enhancement of the “confinement effect”
and enables the stable accommodation.

It is worth noting that the density of adsorbed C,H, is estimated to be
0.434gcm™3; the density is equivalent to that of an extrapolated state of acety-
lene at 41 MPa at room temperature, and is 200 times larger than the value of
the compression limit for the safe use of CoH, at room temperature (0.20MPa,
0.0021 gecm™3) [216].

The specific sorption ability of CPL-1 for C,H; is ascribed to the proper and
regular arrangement of the two basic oxygen atom sites for an acetylene molecule.
Usually, small molecules are adsorbed in a micropore, where van der Waals-type
potential operates efficiently. When functional sites are added to the pore, the en-
hancement of the confinement effect is evidently observed. Furthermore, the stoi-
chiometric guest incarceration is obtained with a commensurate structure of guest
array with respect to that of host. According to the results, when the multiple spe-
cific interaction sites are located at suitable positions on the regular micropore, the
specific adsorption system to the target molecule can be realized.
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4.5 Computational Study

Recently, some computational studies on the sorption properties of PCPs have been
performed [124,217-227]. They not only provide a rationale for the sorption phe-
nomena but also are able to predict the potential sorption capacity.

The host—guest interactions between CPL-1 and C,H; are elucidated by bind-
ing energy estimations of various configuration of CoH; in the pore [199]. As
the molecule does not collide during the rotation, one rotation axis was defined as the
axis existing in a plane perpendicular to the b-axis, among axes perpendicular to the
acetylene molecule. The effective hydrogen bond would be cleaved immediately as
the rotational angle increases; the relative energy increases by up to 45kJmol ™!
as the rotational angle increases from 0° to 80° and, similarly, it increases as the
rotational angle decreases from 0° to —90°. This results shows that the acetylene
molecule is highly stabilized by two hydrogen bonding supports (Fig. 10)

Based on the accumulated crystallographic and adsorption data of PCPs, Monte
Carlo (MC) simulations of small-molecule adsorption have been performed, which
is an approach that is common in carbon and inorganic materials chemistry [58,228,
229]. For the simulation, the PCPs have an advantage in that their well-characterized
regular structure precludes the need to make assumptions about the host structures.
The MC simulations were carried out using formal HF-based and B3LYP-based
charge densities for the frameworks [Zn(1,4-bdc)], and [Cus(1,3,5-btc)a], [230].
The isosteric heats of adsorption for Ny, Ar, and H;, are small and lie in the range
of values for physisorption (< 10kcalmol~!). In the case of the [Cus(1,3,5-btc),],
framework, the adsorbed Ar tends to distribute in a four-leaf-clover-like shape.
The effect of axially coordinated water molecules influences the adsorption; the
amount of adsorbed Ar at low pressure in the presence of coordinated water is
higher than that of water-free [Cus(1,3,5-btc)s],, while the value for water coor-
dinated [Cuz(1,3,5-btc)s], is smaller than that for water-free [Cuz(1,3,5-btc)a]s
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Fig. 10 Relative energy diagrams accompanying the rotation of the acetylene molecule, estimated
by the first-principles calculations. Copyright Nature Publishing Group
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Fig. 11 Calculated isotherms of adsorbed Ar in [Cu3(1,3,5-btc),]. Three models for the charge
densities on each atom of the framework are used: formal charge, HF/4-31G, and B3LYP4-31G
(M. = molecules per cell). Copyright Wiley

(Fig. 11). The coordinating water enhances adsorption but also narrows the cavity
available for Ar.

IRMOF materials have been examined for high CHy4 adsorption capacity by us-
ing grand canonical MC (GCMC) simulations [217]. The experimental adsorption
isotherms of IRMOF-1 and IRMOF-6 have been quantitatively predicted and the
simulation suggested that the CH4 uptake observed experimentally in IRMOF-6
(155cm® (STP) cm™> at 35bar) is due to physical adsorption. In addition, the
simulation for new, not yet synthesized isostructural materials of IRMOF using
1,4-tetrabromobenzenedicarboxylate and 9,10-anthracenedicarboxylate as linker
molecules showed substantially higher uptake of CH4 than IRMOF-6 (by 23 and
36%, respectively); however, those pore surface areas are smaller than for IRMOF-6.
These results indicated that the key to high CHy4 adsorption is not pore surface area
but strong energetic interaction between the framework and the methane molecules,
and indicates the benefit of GCMC simulations as a screening tool for identifying
new candidates for methane storage and other adsorption applications and to guide
the design of new materials.

There is a suggestive report providing a strategy for achieving practical hydrogen
storage [220]. The effects of doping of MOF materials with electropositive metals
for hydrogen uptake have been calculated by quantum mechanics (QM) calculations
(X3LYP flavor of DFT) and GCMC. For the pure MOF materials, the H, molecule
binds weakly with both the metal oxide clusters and the aromatic linkers with bind-
ing energies of 1.5 and 0.9 kcalmol !, respectively. However, Li doped into MOF
materials promotes charge separation and acts as an acidic site providing strong
stabilization of H, molecules with effective binding energies of 4.0 kcalmol !, en-
hancing ambient temperature H, uptake.
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5 Other Properties

5.1 Separation

Unlike those of conventional porous zeolites, the surfaces and voids of PCP are typ-
ically composed of aromatic rings and other organic moieties, and thus their pore
structures are often quite complex and different from those of oxide-based porous
materials. High framework stability of PCPs is important for many practical ap-
plications, therefore the quest for metal-organic materials with robust frameworks
has been the subject of intense research. Moreover, these PCPs possess flexible
and dynamic frameworks. Some flexible PCPs show unusual sorption properties
in response to specific external stimuli that are not observed in other conventional
porous solids. According to this feature, PCPs are offered as an alternative to pre-
pare high capacity and selectivity sorption, mainly determined by size-exclusive
effects in which smaller molecules can go through the microporous channels while
larger substrates are blocked [35,77,117,140,148,153,176,199,231-234]. Further-
more, recent research demonstrates the selective separation properties of PCPs from
miscible systems [55,97,121,194,235-237].

Compound [Zn(Pur);],, ZIF-20 (Pur = purinate), a zeolitic imidazolate frame-
work (ZIF) with zeolite A (LTA) topology, has two types of separate cages (o and [3)
(Fig. 12) [121]. There are two types of a-cages whose pore diameters are 14.5 and
15.4A, with a pore aperture of 2.8 A in diameter. The B-cage has smaller cavity
(5.3 A) and smaller pore aperture (2.0 A). Thus, the ai-cage can be accessed by some
small molecules through the pore window. The adsorption of CO, and CH4 gas by
ZIF-20 were also examined at 273 K. The CO, uptake at 760 Torr is five times higher
than that of CHg4, suggesting a stronger interaction between the framework and the
CO; molecules. A gas separation property of ZIF-20 using CO,/CHy4 (about 50:50
v/v) gas mixture was examined. Indeed, the breakthrough curves clearly show that
ZIF-20 can separate CO, from CHy.

In the petroleum industry, the separation of alkane isomers is a very impor-
tant process, and some narrow-pore zeolites have been used to sieve linear from
branched alkanes, to boost octane ratings in gasoline. A doubly interpenetration
microporous compound, [Zny(1,4-bdc)a(4,4’-bpy)]n (MOF-508) shows highly se-
lective separation of alkanes in gas chromatography (GC) based on their differ-
ent van der Waals interactions arising from subtle size- and shape-selective match-
ing [97]. This compound has 1D channels of approximately 4.0 x 4.0A in cross
section and these channels can selectively accommodate linear alkanes and discrim-
inate branched alkanes. This framework exhibits a reversible open—dense transfor-
mation, which is attributed to the rigid and flexible nature of the 4,4’-bpy linkers
and the variable distortion of the paddle-wheel clusters. The GC separation was ex-
amined for linear and branched isomers of pentane and hexane, because of their
availability and industrial relevance in petroleum refining. The MOF-508 column
can clearly separate n-pentane from n-hexane (Fig. 13). Branched 2-methylbutane
can be separated from its linear isomer n-pentane with different retention times.
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Fig. 12 The structure of ZIF-20. a,b Two expanded o-cages, and ¢ B-cage. d Gas adsorption
isotherms of ZIF-20 for CO, and CHy4 at 273 K. e Breakthrough curves of CO, and CHy4 for ZIF-
20 using a CO, /CHy4 gas mixture. The relative intensities of each gas passing through the ZIF-20-
packed column were obtained using a mass spectrometer to detect ion peaks at m/z = 44 (CO,)
and 16 (CHy4). Copyright Nature Publishing Group

Similarly, 2-methylpentane runs through the column faster than its linear iso-
mer n-hexane, while 2,2-dimethylbutane, the isomer of hexane with the short-
est linear chain, elutes even faster. Thus, mixtures of 2-methylbutane, n-pentane,
2,2-dimethylbutane, 2-methylpentane, and n-hexane can be easily separated with
this new type of microporous MOF column. The potential applications of this mi-
croporous MOF column in the efficient GC separation of natural gas and alkane
mixtures are remarkable and foreseeable. The column could be used to identify the
impurities in natural gas, and to monitor the amounts of mono- and multibranched
alkanes formed in cracking reactions.

Moreover, this porous compound is also applicable for efficient separation of
mixed gases, CO,/N, and CO,/CHy, which are useful in air purification and
methane transportation systems [235]. Kinetic diameters of CO,, N,, and CH4 are
3.30, 3.64, and 3.80A, respectively. The small pores of 4.0 x 4.0A% within this
compound has limited the packing of these three gas molecules within the microp-
ores to a single-layer packing that simplifies the complicated adsorption phenomena
and process. The adsorption isotherms for each component at different temperatures
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Fig. 13 Chromatograms of alkane mixtures separated on a MOF-508 column: a separation of
n-pentane and n-hexane; b separation of 2-methylbutane and n-pentane; ¢ separation of 2,2-
dimethylbutane, 2-methylpentane, and n-hexane; and d separation of an alkane mixture containing
2-methylbutane (1), n-pentane (2), 2,2-dimethylbutane (3), 2-methylpentane (4), and n-hexane (5).
S = thermal conductivity detector response. Copyright Wiley

have been investigated. The adsorption capacity for CO; is significantly dependent
on the temperature, but for CH4 and Nj it is almost independent of the tempera-
ture. The adsorbed amount of CO, decreases as the temperature increases. These
significantly different temperature-dependent adsorption behaviors might be specif-
ically useful for optimizing the temperature for the binary and ternary separation of
COz/Ng and COQ/CH4.

5.2 Catalytic Properties

One potential application for PCPs is catalytic reaction because of their functional
cavity surface, high regioselectivity, stereoselectivity, and shape or size selectivity.
The activation of small gas molecules is a quite big challenge and an important target
in the field of PCPs. However, there are few reports about this area and the topic is
currently being explored [238,239]. Today, most PCPs with catalytic properties have
been used only for organic reactions [54,93,96, 134,192, 240-260].

Compared with conventional zeolite, whose catalytic function depends on Bron-
sted or Lewis acidic sites that are intimately associated with the AI>* substitutional
defects in the tetrahedral zeolite framework, PCPs would be inferior for applica-
tions in catalysis because of their relative instability, their lack of strong acidity,
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and their relatively costly synthesis. However, organic and inorganic hybrids offer
certain advantages:

1. The relative ease with which they can be functionalized, postsynthesis

2. The range of substrates that can be handled by zeolites is limited by the maximum
window size

3. The simplicity with which the pore size can be tuned over a wide range of sizes
in PCPs

4. The manner in which enatiomerically-pure chiral frameworks can be created

The examples shown below will illustrate that many of these advantages are now
beginning to be realized; further details are given in a recent review of the area.

The early study of catalysis by PCPs used a simple lamellar coordination poly-
mer [Cd(4,4’-bpy)2](NO3),, whose inner cavities are surrounded by 4,4’-bpy units
[54]. Several aldehydes were tested for cyanosilation with cyanotrimethylsilane. Al-
though smaller substrates, o- and P-naphthaldehyde are good substrates to give
the adducts in 62 and 84% yields, respectively, the more sterically demanding
9-anthraldehyde hardly reacted. These shape specificities may be ascribed to the
cavity size of the network material. A control experiment using Cd(NO3), and
4,4'-bpy as catalysts resulted in no reaction, confirming the role of the coordina-
tion polymer’s porosity in catalyzing the reaction. Even though there are a few re-
ports on liquid-phase catalytic reactions, catalysis of gas-phase reactions by PCPs
is rare. Compound {[Nay(NigL3;2)(H20)28](H20)13(CH30H), }, is constructed
from cubic building blocks [NigL3,](H3L3 =4, 5-imidazoledicarboxylic acid) with
bridging by Na! [243]. It exhibits not only significant gas-adsorption properties but
also stable catalytic activity for the oxidation of CO to CO;. This complex is the
first example of a porous MOF catalyst for the oxidation of CO, and the stable
catalytic activity makes an intriguing forerunner for other new environmentally rel-
evant materials. A PCP with amide groups {[Cd(btapa),(NO3),] - 6H,O-2DMF},,
(btapa = 1,3,5-benzene tricarboxylic acid tris[N-(4-pyridyl)amide]), a new base-
type catalytic pore framework, has channels with dimensions of 4.7 x 7.3 A® [244].
These amide groups on the surfaces of channels act as guest interaction sites for se-
lective sorption and/or catalysis inside the channel because they possess two types
of hydrogen bonding sites: the -NH moiety acts as an electron acceptor and the —
C=0 group acts as an electron donor (Fig. 14). To confirm base catalytic properties,
Knoevenagel condensation reactions of benzaldehyde with each of the active methy-
lene compounds (malononitrile, ethyl cyanoacetate, and cyano-acetic acid fert-butyl
ester) catalyzed by this framework were performed. The malononitrile was a good
substrate, producing 98% conversion of the adduct, whereas the other substrates re-
acted negligibly. This guest-selective reaction suggests that the reaction occurs in
the channels and not on the surface of framework.
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Fig. 14 a Crystal structure of {{Cd(4-btapa)2(NO3),] - 6H,O - 2DMF}, . The amide groups are
regularly embedded on the pore surface. b Conversion (%) vs. time (h) for Knoevenagel conden-
sation reaction of benzaldehyde with malnonitrile in benzene-catalyzed as-synthesized (square),
desolvated (circle), and 4-btapa ligand (triangle)

6 Perspectives

Gas molecules are associated with important issues of global environment, en-
ergy, and life. In addition to the well-traveled lands, there is the vast unex-
plored land regarding cooperative performances by gas and porous materials:
gas molecule-inspired materials or porous material-inspired gas assemblies. This
could be an important target for the next generation of porous materials.

In this context, understanding and control of gas molecules confined in nanoscale
space would lead to interesting properties that are not observed in the correspond-
ing bulk state and provide significant development in the field of chemistry and
physics.

In the nanospace of PCPs, small molecules are strictly confined because a well-
suited framework traps and makes ordered arrangement of molecules in a channel.
In addition, the flexibility of the framework, which is categorized as a third gener-
ation compound, and the designability of the pore shape and its environment will
create unprecedented phenomena and applications. Some potential applications of
future PCPs are outlined below.

6.1 Energy Storage and Conversion

Porous compounds are sometimes called energy storage materials as the adsorbents
of gaseous fuels. However, PCPs possess the potential to be energy storage materi-
als in the real sense of the term. When gas molecules are adsorbed into the porous
compound, they generated heat by the adsorption enthalpy alone. This energy has
been only emitted into the atmosphere in the case of conventional materials and
leads to a critical decrease in adsorption efficiency. In case of PCPs, a part of this
energy can be absorbed as energy of structural transformation, such as distortion
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of coordination geometry, a rotational rearrangement of the organic part. Further-
more, it will be possible to convert this thermal energy into an optical, electric, or
anisotropic kinetic energy by incorporating adequate organic and inorganic compo-
nents into the framework. [261]

6.2 Responsive Properties

The dynamic nanospace of PCPs still has many potential properties. Introduction of
the flexible part makes frameworks responsive to the external stimuli; for instance,
switching of adsorption and desorption by light or electric field with no change of
temperature and pressure. The presence of controllable multiple states is quite im-
portant for practical use. It is also possible to control the affinity for guest molecules
with structural transformation induced by an external stimulus. An interesting idea
is that guest molecules and porous function (such as storage, separation, and cataly-
sis) are intimately correlated. This is a new field, called “nanospace manipulation,”
which should provide new host—guest chemistry to porous materials.

6.3 Reaction Field

The controllable nanospace of PCPs is a competent candidate for the accurately
controlled reaction field. In these micropores, guest molecules are strictly arranged
and oriented uniformly, and gas molecules are no exception. Guest molecules and
reactants approach each other spatially and react regioselectively through excitation
by the external stimuli. After the reaction, the products are released outside of the
pores because the pores are not suitable for the size and shape of the products and
have no affinity for them. The products of this ideal reaction cycle rely heavily on the
shape and size of the nanospace. By choosing the pore structure, different products
can be obtained from the same reactants. Moreover, this spatial reaction control
may produce unparalleled reaction paths and products that cannot be realized in
homogeneous systems.
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Abstract This article presents the state of the art in the topical domain of crys-
tallized inorganic or hybrid porous solids and describes their comparison and the
strategic approaches currently being developed for understanding their formation,
for discovering new multifunctional materials and for improved applications. From
recent outstanding results in various fields, this paper suggests some new trends
for using rational and predictive chemistry to bring chemical solutions to current
societal problems like energy, sustainable development and health.
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1 Introduction

In materials science, the search for new porous solids, either with an inorganic or hy-
brid organic—inorganic framework, is very topical [1,2], fuelled by the strong incen-
tives related for instance to their use in catalysis, gas separation [3] or strategic gas
storage [4—7]. Their unique structural particularities and the numerous applications
they find in all the fields concerning current societal problems (energy, sustainable
development, health etc.) render them strategic materials.

Indeed, when compared to other materials, porous solids are unique (Fig. 1).
They alone exhibit at the same time (i) a framework, purely inorganic or hybrid,

Porous Solids
Skeleton

Physical
properties

Pores
Separation
Storage
O Internal
Surface
Adsorption

Catalysis

Two types of skeleton:
Inorganic Hybrid

Fig. 1 Representation of the two types of porous solids in terms of skeleton, pores and internal
surfaces with, for each, the type of dedicated properties
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responsible, as in dense solids, for physical properties like magnetism, conductivity
and optical features; (ii) pores that can store species; and (iii) an internal surface,
which is at the origin of the catalytic and separation properties of these materials.

The concept of porous solids arose in 1756 with Cronstedt [8]. This Swedish
mineralogist, studying the thermal behaviour of the mineral stilbite (a hydrated cal-
cium and sodium aluminosilicate), observed that bubbles appeared on the surface of
the solid when heated. He named such compounds zeolites (from the Greek words
{e1v (zein) meaning to boil and A1vog¢ (lithos) meaning stone). The phenomenon
was structurally explained in 1930 with the first crystal structures of zeolites [9, 10].
Water molecules, located with sodium and calcium atoms within the tunnels of stil-
bite, evaporate through heating and leave empty spaces in the tunnels, creating the
porosity.

Many natural zeolites were discovered later, and began to find applications as
early as 1850 with the discovery of their ion-exchange properties [11] applied to
water softeners. Further, Friedel showed that the pores created by dehydratation
could be filled by gases like NH3z, CO,, H,S, ethanol etc., opening the field of sep-
aration and gas storage [12]. However, the strategic importance of this family really
appeared when chemists were able to synthesize them. Sainte Claire Deville opened
the way in 1862 [13] with the synthesis of levynite. Even now, the tremendous re-
search in the chemistry and structure of new systems provides new porous solids.

With time, different types of porous solids were discovered, whose properties de-
pended on the size of the pores, the nature of the elements of the skeleton, the coor-
dination of the cations and the dimensionality of the inorganic subnetwork (Table 1).
Whatever the characteristics of the skeleton, the size of the pores (9) is the first cri-
terion and offers the first classification:

— Microporous solids (& < 2nm): they correspond to inorganic or hybrid frame-
works and are all crystallized

— Mesoporous solids (50 > & > 2nm): the inorganic members (discovered in 1992)
have all-amorphous frameworks in contrast to hybrid ones (discovered in 2004),
which are crystallized

— Macroporous compounds (& > 50nm): they are amorphous and their representa-
tives are opals

Most of the porous solids described up to now have a purely inorganic skeleton.
It was only at the end of the 1980s [14] that a new class of materials emerged at the
crossroads of inorganic materials science and coordination chemistry [1,15-23]: hy-
brid porous solids or metal-organic frameworks (MOFs), in which the framework is
ensured by the linkage of inorganic moieties (mono- or oligomeric) with function-
alized organic molecules through only strong covalent or ionocovalent bonds. Now,
porous solids are considered to be strategic materials both in academic research and
in industry, owing to their numerous applications (Table 2) in finding solutions to
current societal problems like energy, environment and health. According to some
sources [24], this family of solids, directly or indirectly, represents ca. 20% of the
gross domestic product of the industrial countries. Table 2 presents the main types
of applications, according to the nature of the porous solids.
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Table 2 Some applications of the most important of porous solids. For more information see [3]

Related to Properties In Some examples

used
The surface Acido-basic Acid catalysis  Activation of alkanes and alcenes
(catalysis) Breaking of C—C bonds in aliphatics

Formation of C—C bonds in aliphatics

Rearrangements of C—C bonds

Reactions of isomerisation

Reactions of nucleophilic substitution and
addition

Cyclization reactions

Reactions of electrophilic substitution on
aromatic rings

Basic catalysis ~ Dehydrogenation of alcohols
Isomerization of the double bonds of olefins

Oxydo- - Hydroxylation of aromatics (Ti)
reduction Oxydation of heavy hydrocarbons (Fe)
Oxidizing dehydrogenation of propane and
methanol
Electrostatic Adsorption Greenhouse gases, Hy
The pores Geometry Selectivity Selectivity of reactants
of windows Selectivity of products
Selectivity of isomers
Molecular Separation
sieves
Geometry Gas storage H,, CO,, CH4, NO,, SO,, CoH; etc.
of cages Adsorption and -
drug delivery
Nanosciences Monodisperse nanoparticles
The skeleton  Physical Magnetism Ferromagnetic transition metal phosphates
Conductivity Mixed valence transition metal hybrids

Luminescence  Rare-earth-based hybrids

2 What is a Good Porous Solid?

The ideal porous solid must present a maximum of properties, in particular:

— Good thermal stability (1000°C)

— Pores easily generated and easily accessible, with sizes tuneable by chemical sub-
stitutions

— A specific surface area as large as possible in order to favour a maximum of inter-
actions between the adsorbed species and the wall for use in catalysis, separation
and storage

Beyond these classical properties, a good porous solid must also have a skeleton that
can accept a maximum of chemical substitutions on the sites occupied by the cations
and the anions of the structure. This allows modulation of the size of the pores,
but mainly allows introduction of physical properties (magnetism, conductivity,
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optical properties) usually encountered in dense solids and the transformation of
these solids into efficient multifunctional materials with sometimes unexpected ap-
plications. These ideal specifications have not yet been fulfilled, but the progress
realized during the last 20 years make this aim reachable. The number of materials
approaching this goal has increased drastically in the last 5 years.

3 Common Points in the Family

Whatever the subclass of solids, they share methods of synthesis and also a com-
mon description of structures. Indeed, almost of all these solids are prepared using
solvothermal synthesis under autogeneous pressure at temperatures of 100-250°C.
The solvents, including water, are either pure or mixed. The yields are very of-
ten high but pure phases sometimes require very strict chemical conditions. One
can note several recent advances in the methods of synthesis. The first [25], uses
a mixture of non-miscible solvents for the hydrothermal synthesis (heavy alcohols
and water, for instance). The solid is formed at the interface of the biphasic mix-
ture and, most of the time, provides single crystals of the desired phase. The second
method is represented by the first trial for synthesizing MOFs using an electrochem-
ical route [26]. The third method involves microwave synthesis, a method already
applied to dense solids and inorganic porous compounds [27-34] and seems very
promising for MOFs. The microwave method has already attracted growing atten-
tion for the synthesis of nanoporous inorganic materials, which normally require
several days for their hydrothermal crystallization. It provides an efficient way to
synthesize them with short crystallization times, narrow particle size distributions,
facile morphology control, and efficient evaluation of process parameters, etc. How-
ever, the microwave method has rarely been applied to the synthesis of porous hybrid
materials to date [35]. Chang and coworkers [36, 37] have recently shown that the
microwave synthesis of the latter offers several advantages such as fast crystalliza-
tion and phase selective synthesis.

Hybrid solids with giant pores, chromium trimesate and terephtalate (MIL-100
and MIL-101), have been formed under microwave irradiation after less than 1 h at
220°C instead of 96 h using the conventional route. Moreover, at very short syn-
thesis times (1 min), MIL-101 is obtained as quasi-monodisperse nanoparticles, a
feature that could very quickly afford applications in nanosciences. In addition,
while the formation of the cubic nickel glutarate (MIL-77), previously synthesized
by conventional heating in several hours or days depending on synthesis temper-
ature, was greatly accelerated by microwave irradiation, the more stable tetrag-
onal nickel glutarate appeared within only a few minutes. The cubic phase was
preferentially formed at low pH, low temperature and predominantly with conven-
tional electrical heating. In contrast, the tetragonal phase was favourably obtained
at high pH, high temperature and especially with microwave irradiation. These se-
lective results suggest the efficiency of the microwave technique in the synthesis of
MOFs. The exceptionally rapid crystallization of nickel glutarates was attributed to
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different formation pathways compared to those for conventional zeolites. While the
formation of aluminosilicate zeolites appeared to involve complex crystallization
pathways via hydrolysis, hydrophobic hydration, gelation, nucleation, and crystal
growth [38], the porous nickel glutarates apparently grow directly from the reac-
tants once the solution is raised to the appropriate reaction temperature. Conse-
quently, the long induction periods required for zeolite formation are not necessary
in the synthesis of nickel glutarates. Morris and coworkers recently reported the
synthesis of porous solids using ionic liquids, which can act both as solvent and
template [39]. Using both classical and microwave conditions, they conclude that
the MOFs prepared under microwave conditions are purer and have higher crys-
tallinity.

Finally, some authors recently developed a dedicated application of high through-
put (HT) synthesis to MOFs systems [40—44]. This method has already been em-
ployed for zeolites, inorganic frameworks and polymers for applications in catalysis
and phosphors [45]. High-throughput methods imply four major steps: design of
experiment, synthesis, characterization and data evaluation. Each step has to be in-
tegrated in a workflow in order to reach a maximum of productivity and innova-
tion. While HT methods can produce a tremendous amount of data in a very short
time, their success depends on the proper application. Thus, the experimental de-
sign is a step of paramount importance. Statistical methods in combination with
data evaluation programs, genetic algorithms and neural networks have been shown
to be powerful tools. The number of reactions must also be minimized by includ-
ing chemical data and chemical knowledge into the synthesis set-up. In addition,
investigations are most often limited to certain parameters, mainly composition, but
can also process parameters such as temperature, time and pressure. In a typical
experiment, 48 miniautoclaves are filled by various compositions within the same
system.

In both subclasses (inorganic or hybrid skeletons), a tremendous variety of sys-
tems were chemically and structurally tested. However, it rapidly became necessary
to introduce rational approaches besides these “trial and error” experiments, with the
aim of reaching tailor-made structures for specific applications. For templated inor-
ganic frameworks like silicates, metal phosphates, metal halides or chalcogenides,
mainly obtained under hydrothermal conditions (200°C, 10-30 bar), an approach to
their mechanisms of formation was needed in order to play further on conditions of
synthesis for obtaining the desired product. For hybrid frameworks, which combine
an inorganic part (single polyhedra, clusters or chains) and an organic moiety, the
directivity of the covalent bonds introduces more initial geometric information as
soon as the inorganic brick is known and stable. Moreover, whatever the subclass,
another challenge [46—48] was to increase the size of the pores, limited 15 years ago
to ca. 10 A in diameter. Indeed, larger pores imply enhanced specific surfaces, an im-
portant parameter for catalytic properties, and more possibilities for the storage of
species. This last point becomes more and more crucial in the twenty-first century
where problems of energy and sustainable development will increase dramatically.
The challenge of large pores is relevant to molecular gigantism [46,49-51], and this
review will be concerned exclusively with crystallized porous solids. Mesoporous



94 G. Férey

solids, despite their larger pore diameters, will not be considered. Their amorphous
skeletons rule out their characterization at the atomic scale. Information about them
can be found in [3].

The second point that inorganic and hybrid solids have in common is their struc-
tural description. On a primary basis, their skeletons are based on the connection
of polyhedral entities (considered primary building units), which can be described
either in a ball-and-stick representation (often used by molecular chemists) or in
terms of polyhedra (preferred by solid state scientists). The increasing complexity
of the inorganic frameworks has incited researchers to simplify their representation,
first in terms of connected polyhedra instead of linked atoms (Fig. 2), but even with
that a further simplification was needed. The centres of the polyhedra were therefore
assimilated to nodes. Their linkage defined clear figures of nets, which characterized
the connectivity of the solid. This approach, initiated by Wells [52], was applied to
zeolites by Smith [53] and now the structures of the latter are described using this
way [54].

Another way of description of the structures [55] uses, instead of single poly-
hedra, assemblies of polyhedra (Fig. 2c) that, by translation/rotation in the three
directions of space, regenerate the whole framework. These are called secondary
building units (SBU) and the concept has been very useful for defining the large
pore strategy.

Fig. 2 a SiOy tetrahedra used for b the description of the sodalite structure; ¢ the tetrameric SBU
able to regenerate its structure; d the latter in terms of nets. The linked black spheres, which
correspond to the centres of tetrahedra, form a truncated octahedron whereas the grey spheres,
which relate to the centres of the SBU, determine an octahedron
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Fig. 3 Relation between the SBUs in inorganic (right) and hybrid (left) solids

The same concept of SBU applies when hybrid solids are concerned (Fig. 3).
Indeed, the three-dimensional skeleton can be described for both of them by the as-
sociation of SBU. However, whereas the inorganic SBU contain only inorganic parts
(tetrahedral species like SiO4, PO4, AsOg4, SOy, associated with metallic cations in
four-, five- or six-coordination), in the hybrid SBU, the anionic species are replaced
by organic linkers. This creates a contrast between the bonds within the framework:
mainly covalent for the organic parts and ionocovalent for the inorganic. Moreover,
as far as the porous character is concerned, organic ligands with multiple bonds
must be preferred in order to ensure rigid topologies as for inorganic solids with an
open framework.

In view of the tremendous number of inorganic—inorganic and inorganic—organic
combinations, basic principles are needed for a classification of porous structures.
Curiously, in 2000, in the same issue of the same journal, O’Keeffe [56] and Férey
[49] paved the way for the development of the topological rules governing the struc-
tures of porous solids. Their starting point was the same. They both observed that
some structures of MOFs corresponded to extended versions of simple structures
(diamond, sodalites etc.). Even if their approaches were slightly different (nets for
O’Keeffe, SBUs for Férey), both concepts were concerned by the topology of struc-
tures and their invariance whatever the chemical associations. They also aimed at
finding porous solids with larger and larger pores [46] for the specific applications
that are allowed with mesoporous solids and not with micropores.

O’Keeffe defined the geometrical design principles for frameworks of extended
solids [56] based on the concept of augmented nets. Every solid can indeed be de-
scribed by the geometric figure (net) obtained by the connection of the entities of the
structure. The idea of these connecting nets is underlined by the old concept of co-
ordination. For instance, in an [N, M| connected net, some vertices are connected to
N neighbours and some to M ones. With the idea of creating low density structures,
and formalizing a previous idea of Hansen [57], O’Keeffe defined the concept of
decoration [58] to describe the process of replacing a vertex by a group of vertices.
Augmentation [56] corresponds to the case where each vertex of a N-connected net
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Fig. 4 Principle of augmented nets. a Description of Pt304 in terms of connection of squares.
b Ball-and-stick representation of Pt304 (Pt blue, O red) showing the fourfold coordination of
Pt and the threefold coordination of O. ¢ Augmented version of Pt304; O is replaced by a tri-
angle and Pt by a square. Both polygons are related by linkers; keeping the same topology in
copper(Il) 4,4',4”-benzene-1,3,5-triyl-tribenzoic carboxylate, the triangles correspond to the con-
necting points of the central phenyl ring of benzene-1,3,5-triyl-tribenzoic carboxylate d and the
square by the Cu dimer linked to four carbons of the carboxylate functions e

is replaced by a group of N-vertices. In other words, this replacement does not affect
the connectivity of the parent net.

The example of platinum oxide Pt3 O4 taken as a parent structure (Fig. 4) illus-
trates this concept. In this solid, platinum ions are in square-planar coordination by
oxygen atoms, and the latter are connected to three Pt atoms (Fig. 4a), thus creating
a [3,4] net and a structure based on the three-dimensional assembly of square planes
(Fig. 4b). The augmented net will replace the Pt atom by a square (which provides
the same connectivity as Pt) and the oxygen atom by a triangle (which provides the
same connectivity as O). Once related by a line, the vertices of these two polygons
create the augmented net (Fig. 4c). The squares and the triangles may be referred to
as the topological SBU; that is, they represent species whose connectivity is four for
the squares and three for the triangles, whatever their chemical nature. Moreover,
the line joining the polygons can be a bond, but also a sequence of bonds, the latter
case being called expansion by O’Keeffe [56]. With this approach, a copper(Il) 4,4',
4”-benzene-1,3,5-triyl-tribenzoic carboxylate corresponds to an augmented Pt3 Oy
net [59]. In this solid, the squares are taken up by a binuclear Cu carboxylate moiety
(Fig. 4d) and the triangles correspond to the three corners of the benzene ring acting
as the vertices of the inner triangle, the linkers being phenyl groups (Fig. 4e).

The O’Keeffe principle of augmented nets was not only a tool for describing
complex structures in a simple manner, but was also very inspiring for the synthe-
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sis of new MOFs with large pores showing very simple basic topologies dictated
by the shape and connectivity of the building units. O’Keeffe anticipated that a few
simple high symmetry topologies would be of paramount importance in the future
for such a purpose. In a further work based on this principle, his group detailed
the rules for reticular synthesis [60] (defined by the authors as “the process of as-
sembling judiciously designed rigid molecular building blocks into predetermined
ordered structures which are held together by strong bonding”) and the design of
new materials. They also proposed a classification of the known structure types of
MOFs [61], labelled, as for inorganic porous solids [54], by three small letters with
oblique characters, often referring to an abbreviation of the formula of the parent
structure.

The tool of description of Férey, known as the scale chemistry concept [49],
started from his analysis of solids in terms of secondary building units (SBUs).
Instead of describing structures by the connection of single polyhedra, he showed
that it was possible to analyse them using larger units (SBUs or “bricks™) which,
by translation and/or rotation and further sharing of vertices, built up the final solid.
Playing on the size of the SBU, he illustrated his concept by numerous examples,
for instance the following (Fig. 5): If the brick is an atom, for example metallic, the
topology of the resulting solid is generally face-centred cubic (fcc); if the brick is
a cube of atoms, the resulting structure is the fluorite type, always fcc; if the brick
is a C60, the fullerene structure is obtained, which also exhibits a fcc arrangement.
This means that, whatever the size of the SBU, the topology of the resulting structure
remains invariant and, in terms of porosity, the larger the brick, the larger the pores.
This defined one of his strategies for a possible access to giant pores and to new
applications related to their large sizes.

Atom O F;""t.}
SBU @& :{ﬁ ';J
fce topology

Fluorite

Fullerene

Fig. 5 Principle of scale chemistry: whatever the size of the brick, the three-dimensional arrange-
ment keeps the same topology (here fcc)
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As seen in Sect. 4, Férey’s in situ studies on the mechanisms of formation of
inorganic porous solids [62—67] proved the existence within the solution of SBUs
identical to those that existed in the final solid. These SBUs, initially a tool of de-
scription, became a reality and then could act as “bricks” for the construction of the
solid. Moreover, he proved that the increase of the size of the inorganic moiety (and
therefore the extent of oligomeric condensation of inorganic species in the solution)
is strongly dependent on the weakening of the charge density of the template. This
allowed the rational synthesis of MIL-74 [68] an aluminophosphate using TREN as
a template. MIL-74 has a supersodalite structure (Fig. 6). The square brick of four
tetrahedra existing in the pure sodalite is replaced by a square of nine tetrahedra,
which create a cage eight times larger than that of the sodalite.

Both concepts are complementary for the creation of new topologies. They have
in common the key notion of connectivity (number of atoms shared with other SBUs
and their spatial geometry) of the SBUs (Fig. 7).

Both concepts are simple, inspiring for the search of solids with dedicated appli-
cations. Even if they do not pretend to exhaustivity, they provide elements of thought
that stimulate the imagination of researchers without neglecting the unexpected re-
sults of serendipity, which will refine the concepts. Indeed, both principles have
limitations. In the case of MOFs (but not in the case of inorganic porous solids),
the O’Keeffe principle seems to be restricted, at least for most of the cases, to the
creation of coordination polymers in which the inorganic part is a cluster because
the augmentation of the primitive net always respects the alternation of the cation
and the anion of the original simple structure and therefore the alternation of organic
and inorganic moieties. In terms of predictability, the principle does not consider the
variability of the inorganic SBU with the chemical conditions. It is applicable for

Sodalite cage

MIL-74 cage

Fig. 6 Comparison of the sodalite and MIL-74 cages with the same topology. The latter is eight
times larger than the former
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a b c

Fig. 7 Some examples of connectivities (Cnc) of the SBU, either inorganic (a MIL-74: Cnc 8
cubic) or hybrid (b MOF-5: Cnc 6 (octahedral) and ¢ MIL-101 Cnc 6 (prismatic))

already known bricks with a variation on the organic linker. In contrast, the Férey
principle takes into account this variability of the bricks, but considers the same link-
age in a whole series. At least at the beginning, the extension concerned only the
inorganic brick, the connection being invariant, but recent examples [69-71] have
proved that scale chemistry can also apply to the shared vertices. Moreover, it is not
restricted to organic—inorganic connections, but also accepts inorganic—inorganic
ones for explaining, for instance, the existence of MOFs with 1D or 2D inorganic
subnetworks. However, it must be kept in mind that these two principles correspond
to geometrical rules. One must never forget that the structures of porous solids are
governed by thermodynamics and not by geometry. At variance to the opinion of
some authors, the above rules can only suggest some possibilities of arrangements
of the SBU. They cannot predict them. This point will be discussed further in this

paper.

4 Templated Porous Inorganic Solids

Templated porous inorganic solids are obtained by precipitation in hydrothermal
conditions from an aqueous solution that contains, beside the inorganic species, or-
ganic moieties like amines or ammonium ions acting as templates during the precip-
itation. Zeolites [3] are the most known of this category. Their framework, based on
corner-sharing of SiO4 and AlQO; tetrahedra, delimits cages and/or tunnels, which
represent the pores of the structures. Later, other porous solids [2] (metal phos-
phates and arsenates, halides and chalcogenides) involving not only tetrahedral but
also pentahedral and octahedral coordinations for the metals were discovered.
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4.1 SBUs: Mechanisms of Formation and Simulation of Structures

When the concept of SBU as a useful tool for the description and classification of
the porous structures was proposed, there was no experimental proof of their real
existence in solution. The dogma was the invariance of these SBU during the pre-
cipitation process. This hypothesis had to be validated. Our group looked at this on
porous alumino- and gallophosphates [63] and titanophosphates [72] using in- and
ex-situ NMR experiments under the conditions of hydrothermal synthesis after a
careful analysis of the pertinent chemical parameters governing these systems (pH,
temperature, nature of the amine template, concentrations etc.) [73]. The existence
of SBUs in the solution was confirmed for these systems and it was proved that
the driving force of the synthesis was the charge density of the template, which (i)
governs the extent of the oligomeric condensation that gives rise to the SBU in the
solution, (ii) is responsible for the creation of neutral ion pairs leading to precipita-
tion and (iii) determines, by its size and plasticity, the structural organization.

Once the existence of the bricks was established, and therefore the chemical con-
ditions of their stability, it became possible to create new materials based on a given
brick by playing on the nature of the amine template. It was an approach to tailor-
made solids that had some successes [74, 75]. As it is impossible for chemists to
explore the whole space of phases in a system, we introduced an original computer
simulation method based on Monte Carlo simulated annealing for generating can-
didate crystal structures (automated assembly of secondary building units or the
AASBU method), based on the concept of SBUs and their linkage in 3D space [76].
For a given brick, the AASBU method produces virtual libraries of energetically
viable inorganic structures based on pre-defined SBU. These bricks are implemented
according to the following criteria:

1. One constraint on the nature or size of the SBUs involved: M/P = 1 for AIPOs
and GaPOs

2. No explicit constraints on cell dimensions, but optionally on space group
symmetry

3. An ability to accommodate one or more types of SBU

4. Accommodation of differing modes of inter-SBU connection, allowing, for
example, corner-, edge- and face-sharing modes

5. A broad flexibility in the definition of the linkage points

The wide applicability of the method in inorganic chemistry was demonstrated by
finding the known families of inorganic structures using simple SBUs. It also pro-
vided numerous hypothetical frameworks, using several types of SBUs [77, 78],
which were classified as not-yet discovered or virtual [78, 79] according to their
relative energy compared to that of dense phases. Chemical studies are currently
in progress to discover some of them. Note that a similar approach [80] was used
by Foster et al. for zeolites. It now provides a virtual library of several millions of
possible structures for zeolites.
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4.2 SBUs and “Scale Chemistry”: a Route Towards Large Pores

This concept, based on the invariance of the topology whatever the size of the SBU,
has a direct consequence for the search of large pores. Indeed, if it is possible to
create large SBUs instead of the small ones discovered up to now, larger SBUs
would create larger pores, and therefore solve the problem. Owing to the special
role played by the charge density of the amine on the size of the SBU (the lower the
charge density, the larger the SBU) [73], the search for large pores requires the use
of large, multifunctional amines with weak deprotonation for providing a low charge
density and initiating large SBUs. The supersodalite MIL-74 (see Fig. 6) came from
this strategy, using TREN as templating agent. The usual tetrameric squares of tetra-
hedra are replaced by enneamers. The hexagonal windows of the sodalite structure
become dodecagonal and create a large cage (@ = 10 A), eight times that of the
sodalite.

Scale chemistry also applies to a fascinating new family of templated porous
indium-metal chalcogenides coming from two American groups [81]. The struc-
tures are all based on T), supertetrahedra, which are formed by the corner sharing
of single InX4 tetrahedra, p (currently < 5) corresponding to the number of single
tetrahedra along one edge of the supertetrahedron. The latter share vertices. The
cages are occupied by the templates. Moreover, these supertetrahedra can assemble
into hypertetrahedra labelled T, , for the description of a T, hypertetrahedra com-
posed of T, supertetrahedra. If the templates could leave the cages without collapse
of the framework, this would provide a free volume of more than 1800 A31 These
phases represent the upper homologues of dense structures like diamond, sodalite,
cristoballite and CrBy types.

4.3 First Limits

The above examples show some limits in the evolution toward large cavities in
porous inorganic solids. Chemically, in some systems, the reactivity of the com-
ponents decreases with the complexity of the SBU and, even if some topologies
can be predicted, their experimental discovery becomes sometimes doubtful. More-
over, the increase in cell volume decreases the facility to obtain single crystals, as
already true for protein crystallography. Despite the tremendous progresses in ab
initio structural determination from powder diffraction data, a crystal is necessary
for structures with cells larger than ca. 300,000 A3 [82]. For good data collection,
the threshold in crystal size was recently lowered to 1 u? [83]. Correlatively with the
cell expansion, the thermal stability also decreases when the template is extracted.
Whereas in zeolites and most aluminophosphates, the evacuation of the template
maintains the integrity of the skeleton, a collapse of the structure is more and more
frequent when the pores become larger. Some of these limits, which restrict the field
of new porous inorganic compounds, do not exist for hybrid solids, as will be shown
in Sect. 5.
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S Porous Metal-Organic Frameworks (MOFs)

5.1 State of the Art

The substitution of inorganic tetrahedra by organic molecules dramatically increases
the number of possibilities, owing to the infinite variety of functionalized organic
molecules that can be used (N donors, polycarboxylates, polyphosphonates and
polysulfonates with either aliphatic or rigid carbon skeletons, fixed by ionocova-
lent bonds to the metallic centres). One can play on the length of the carbon chain,
on the connectivity and the chirality of the ligand, on the nature and the oxidation
state of the metal [1], leading to a quasi-infinite number of possible compounds.

Within the hybrid 3D network, if this inorganic part is zero-dimensional (single
polyhedra or clusters), one speaks about porous coordination polymers. They rep-
resent the major part of the discovered solids, up to now. More rarely, however, the
dimensionality of the inorganic subnetwork can also be 1D [84,85], 2D [86,87] and
even 3D [88-90] (Fig. 8).

It was recently shown [91] that within a given system the reaction temperature
plays a major role in the degree of condensation of the inorganic subnetwork, which
can range from OD to 3D in a few tenths of a degree. If one adds that the reaction
of the organic ligands is effective with almost all the metallic elements including
transition metals and rare earths, the result has been the discovery of hundreds of
new compounds over the past 10 years. Compared to the solids with a pure inorganic
skeleton, which require extraction of the template to become porous, MOFs have the
great advantage of giving directly accessible porosity, modulated by the size of the
ligand, after extracting the solvent molecules. They have, however, in most cases, a
lower thermal stability than inorganic frameworks.

Once the richness of the field was discovered, it was necessary to rationalize
the synthesis of MOFs to provide tailor-made architectures. At the beginning, the
reticular chemistry of the augmented net concept of O’Keeffe et al. [56] was nicely
applied for defining the chemical and topological rules governing this possible de-
sign. The derived structures of MOF-5 [4] provide the most famous example of this
approach.

0D MOF-5 1D miL-53 2D miL-71 3D MIL-73

Fig. 8 Examples of MOFs with various dimensionalities of the inorganic subnetwork: MOF-5 [4],
MIL-53 [100], MIL-71 [87], MIL-73 [90]
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However, the concept is confronted by chemical reality, and two steps limit this
strategy: (i) as far as the search for giant pores is concerned, the first difficulty comes
from the tendency of the framework to be interpenetrated or interwoven [17], which
decreases the porosity of the solid and must be avoided wherever possible; and (ii)
the difficult chemical control of the existence, size and connectivity of the inorganic
SBU, mainly in solvothermal conditions. In MOFs, knowledge of the inorganic SBU
for mastering the structure is a key point, since the organic part is structurally in-
ert and just plays the role of linker. The currently used SBUs are well known by
inorganic chemists for their room or moderate temperatures of reaction and the
rare inorganic bricks evidenced up to now are stable; they exist in a large range
of temperature and have been known for a long time with their associated chemical
conditions of existence. In contrast, nothing is established as soon as hydrothermal
conditions are applied because the properties of the solvent change drastically and,
correlatively, so does the nature of the species in the solution. A systematic study of
the conditions of the existence of each SBU is therefore needed for a better mastery
of the “design” of MOFs. Our group currently performs in situ studies for finding
new inorganic SBU able to increase the number of possibilities and of new con-
nectivities to enrich once more the possibilities of obtaining tailor-made solids. The
two first examples are the discovery of the hexameric cluster of corner-shared oc-
tahedra [92] and the invariance of the trimeric cluster of three octahedra during the
reaction with carboxylic acids [93]. The mastery of the latter was at the origin of
the discovery of the two first mesoporous crystallized MOFs, as explained in detail
below.

Moreover, it is worth noting that reticular chemistry, despite its richness, needs a
parent structure and concerns only the realization of a reasonable expectation (based
on intuition), assuming that thermodynamic conditions are fulfilled, for obtaining
an augmented architecture. Even under these conditions, it does not explore all the
possibilities of connection of the appropriate inorganic and organic building blocks.
In particular, it does not predict polymorphs, which exist for instance with vana-
dium(III) terephtalates MIL-47 [94] and MIL-68 [95]. Only original global struc-
tural simulations, like those we performed on inorganic skeletons (see above), are
appropriate to an exploration of the whole space of configurations.

5.2 SBUs and Prediction of Possible MOF Structures

With these ideas, our group has developed a new method [96]. It combines the de-
termination of the chemical conditions of existence and integrity of the inorganic
SBU in solvothermal medium [97] with a computer simulation approach, derived
from our initial AASBU method [76], for the prediction of hybrid structures [98].
The latter also uses a simulated annealing Monte Carlo procedure and generates
the whole set of possible connections between organic and inorganic SBUs. If there
is a reaction between the organic and inorganic counterparts, the resulting product
must adopt one of the virtual structures obtained from the simulations. Moreover,
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just the comparison between the experimental and the calculated powder diffraction
patterns provides the structural solution.

Our first chemical approach aimed at originality and concerned the search for the
conditions of stability of a trimeric inorganic unit (a scarce SBU, previously reported
only with divalent cations), but with trivalent ions, for which no example exists up
to now in the domain of MOFs. Our strategy was to start from soluble precursors
that already contained these trimers and to establish the conditions for its chemical
integrity during the reaction. Already confirmed by an in-situ EXAFs study [93],
these conditions, primitively determined for Fe** [97], have been extended recently
to Cr’* and V3* and lead to new MOFs containing the desired SBU.

Our simulation method takes advantage of the SBU concept, already used in
our previous AASBU method [76], through the assembly of predefined organic and
inorganic SBUs. It is performed in 3D space with minimal input, aiming at computa-
tionally exploring the possibilities of connection. The inorganic and organic counter-
parts may be treated independently, i.e. as two different building units (the “mixture”
method in [98]) or encapsulated in a single hybrid building block. Both approaches
were explored. The simulations provide a list of hybrid candidates, with their space
group, cell parameters and atomic positions. Our aim was not only to simulate exist-
ing structures, but more importantly to predict not-yet-synthesized structures, aiding
the often difficult task of crystal structure determination, rationalizing different but
related structure types, while tackling the issue of polymorphism by limiting the
domain of structures that are possible for a given metal—organic ligand pair.

The preliminary step consists in elaborating a suitable library of SBUs, directly
extracted from known MOFs. The inorganic unit is modelled by a rigid body, and
the organic unit as a flexible body. The computational assembly is further controlled
through the use of pre-defined “sticky-atoms”, all ligand atoms on both units be-
ing defined as equally possible linkage points. The rules that control the possible
assembly of the two SBUs during the subsequent simulation steps are defined in a
force-field that includes sticky-atom pairs, parameterized on an atom—atom basis
by a simple Lennard-Jones expression for the “energy” of interaction. A repulsive
potential between organic pairs avoids their overlapping. For a run, the amount of
input data is minimal: the number of organic and inorganic units per asymmetric
unit and, optionally, the space group.

The validity of the method was proved by finding the existing and well-
characterized MOFs based on mono-, di- and tetrameric inorganic SBUs and
organic ligands like benzene 1,4 dicarboxylate (BDC) or benzene 1,3.5 tricarboxy-
late (BTC) with a very good accuracy. However, the most attractive feature of the
simulations remains the generation of new topologies.

The application of the method to trimeric units with the same ligands as above
(BDC and BTC) in a 1:1 ratio for BDC and 2:3 for BTC leads to a whole series
of plausible and very open MOFs with hitherto unknown topologies for most of
them. Among all the discovered topologies, only three present reasonable lattice
energies, but only one fits with the experimental data of powder diffraction. This
topology is of particular interest for the unprecedented giant cubic cells they pro-
vide (380,000 A* for BTC and 706,000 for BDC), far beyond all the known ones.
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Last but not least, the Bragg peaks of their calculated diffraction pattern exactly
fit with those of solids (MIL-100 for BTC and MIL-101 for BDC) obtained in a
powdered form in the systems Cr(III)-BDC and Cr(III)-BTC for a 1:1 Ct/BxC ratio
(x =D or T). The only difference concerns the discrepancy between calculated and
experimental intensities; the first corresponding only to the skeleton, whereas the
experimental takes also into account the contribution of the occluded species. As-
tonishingly, despite the large number of parameters (> 200 for BTC), the Rietveld
refinements of powder data, obtained using synchrotron radiation, converge toward
good R values and improve the prediction by the location of the inserted species, i.e.
free water molecules in these cases.

The resulting cubic structures of MIL-100 [96] and MIL-100 [99] (S.G. Fd—3m)
are based on trimers (Fig. 9a). They have in common the occurrence of supertetrahe-
dra (ST) as building blocks (Fig. 9b), formed in such a way that the four vertices of
the ST are occupied by the trimers. For MIL-101, the position of the organic linker
corresponds to the edges of the ST. Within it, the microporous cage corresponds to
a free internal diameter of 8.7 A. More interestingly, the corner-sharing of the ST
(Fig. 9¢) delimits a framework (Fig. 9d) with two types of cages (Fig. 9e—f), whose
dimensions are now typically in the range of mesopores. With BDC, the smallest
one, limited by 20 ST, has only pentagonal windows (free openings ~12.5 x 12.5 A)
and an internal free diameter of ~29 A. The connection of the pentagonododecahe-
dral cages creates larger cavities, limited this time by 28 ST, with 12 pentagonal and
four hexagonal windows (free aperture ~16.3 x 16.3 A).

The internal free diameter becomes close to 34 A. This is another breakthrough
of our method. Indeed, in inorganic chemistry, such dimensions were only reached
with mesoporous solids with amorphous walls. Thus, MIL-100 and MIL-101 pro-
vide the first example of mesoporous solids with crystallized walls, with a unique
hierarchical system of three types of cages of different dimensions ranging from
nano- to mesoporosity. This leads to pore volumes near 1.96cm? g~! and an appar-
ent Langmuir surface area of 5900(100)m?g~! for MIL-101, which constitutes a
new record compared to [101]. Interestingly, the arrangement of the ST in MIL-100
and MIL-101 present (Fig. 9d) the same topology as a well-known zeolite (MTN-
type) [54], the ST replacing the single tetrahedra in the latter. It therefore illustrates
once more the “scale chemistry” concept.

Computer simulations found two polymorphs of this new structure type, with
the same relative energy cost. One is cubic (Pm—3n) (volume 64,500 A%) and is
the upper analogue of another zeolite: MEP. The other is hexagonal (P63/mmc),
(volume 23,600 A3) and has no known equivalent in denser structures. They are all
built from the same ST. In all of them, the pentagonododecahedra are present. Only
their connection in 3D space is different and leads to large cages with 26 vertices
instead of 28 in the cubic polymorph, while the hexagonal one exhibits the same
large cages as MIL-100 and MIL-101. So, to reply to the provocative sentence of
John Maddox:“One of the continuous scandals in the physical sciences is that it
remains in general impossible to predict the structure of even the simplest crystalline
solids from the knowledge of their chemical composition”, we can now say: “It is
done for MOFs, Mr Maddox! And, as a bonus, we give you the polymorphs!”



106

G. Férey

Fig. 9 Structure and building of MIL-101. a Trimeric inorganic cluster, b supertetrahedral SBU,
¢ their connection, d framework of MIL-101. The lines join the centres of the supertetrahedra and
show two types of cages (yellow and blue). e Ball-and-stick and polyhedral representations of the
large cage; f ball-and-stick and polyhedral representations of the small cage

Despite their large volumes, these solids are thermally stable up to 350°C and
can support the effect of electronic beams without damage [102]. In general, MOFs
are resistant to heat. Their stability can even reach 500°C. The tremendous research
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Fig. 10 The currently most cited MOFs (upper part). In the lower part, their cages are represented
at the same scale

on new MOFs is always increasing and every month, new solids are discovered.
However, within the huge family discovered up to now, only a few are studied due
to their outstanding characteristics, the first being the existence of large pores that
induce both academic and industrial interest. Figure 10 presents their structural char-
acteristics.

5.3 Structural Originality of MOFs; Dynamic Frameworks
and Breathing

Beside all these topologies, a strange feature arises with some MOFs, which relates
to their flexibility. It is a general problem that concerns not only 0D coordination
polymers, but all the dimensionalities of the inorganic subnetwork. As early as 1997,
Kitagawa [103] suggested classifying the hybrid porous frameworks into three cat-
egories, which he called “generations”. The first concerns frameworks that are sus-
tained only with guest molecules and collapse on removal of the guest, most of the
time irreversibly. The second generation corresponds to stable and robust porous
frameworks that exhibit permanent porosity without any guest in the pores. The last
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Fig. 11 The six classes of Kitagawa (a-1)

category refers to flexible frameworks that change, most of the time reversibly, their
structure to respond to external stimuli. The stimulus can be temperature, pressure,
light, electric or magnetic field, guests etc. Depending on the structure itself, the
input is associated with either an expansion or a contraction of the cell volume and
can generate induced movements larger than 10 A during the transformation.

Such a phenomenon, illustrated by several examples, has lead Kitagawa [104] to
distinguish six classes of dynamic frameworks (Fig. 11) in relation to the dimension-
ality of the inorganic subnetwork. In the 1D class (Fig. 11a, b), the voids between
the chains are occupied by small molecules and can exhibit ion exchange [104].
In the first case of the 2D class (Fig. 11c, d), the manner of stacking of the layers
(superimposed or shifted) is strongly dependent on the nature of the guest and the
weak interactions the guests have with the layers. In the second case (Fig. 11e, 1),
the interdigitated layers are superimposed and form 1D channels [105-107]. Closed
without guests, they open with some of them, resulting in an elongation of the stack-
ing parameter.

In the 3D cases, three situations occur. When pillared layers are involved
(Fig. 11g, h), the reversible phenomenon of interlayer elongation and shorten-
ing is realized by non-rigid pillars [108]. The expanding and shrinking frameworks
(Fig. 114, j) act as sponges. Keeping the same topology, the drastic volume change
is induced by strong host—guest interactions. Depending on the structure, the vol-
ume increase is associated with either the evacuation [94] or the inclusion of
the guests [109-113]. Finally, in the case of interpenetrated grids, they are densely
packed in the absence of guests and the introduction of molecules generates a sliding
of one network (Fig. 11k, 1) [114, 115]. Most of the cases imply significant atomic
movements during the transition, typically in the range 2—4 A. However, these
displacements can reach values in the range 5-10 A whereas the topology of the
framework is maintained. This is observed in class 5 (expanded and shrunken grids)
and concern two structure types (MIL-53 and MIL-88) isolated in our laboratory.

The MIL-53 type [94, 100] [(M'(OH)L, guest) with M = Al, V, Cr, Fe; L =
terephtalate, naphtalene dicarboxylate] is built up from chains of octahedra sharing



The Long Story and the Brilliant Future of Crystallized Porous Solids 109

c: hydrated
17.34A 16.73A 19.52A
12.18A 13,03A 7.61A

Fig. 12 Different forms of MIL-53: a as synthesized (as), disordered terephtalic acid molecules
lie within the tunnels; b high temperature (open); ¢ room temperature hydrated form (hydrated).
Note the changes in the cell parameters during the thermal treatments

OH vertices, which are linked in the two other directions by linkers (Fig. 12) in
order to create 1D lozenge-shaped tunnels.

The expanded empty form occurs at high temperature. By cooling, a water
molecule is trapped in the tunnels and induces a drastic shrinkage of the framework
with a decrease of the cell volume of ca. 40% associated with atomic displacements
of —5.2 A in one direction and of 43 A in the other one. The transition is fully re-
versible. It is worth noting that, in the case of MIL-53, the input (water) provokes
a contraction of the framework. An in-situ solid state NMR study proved [85] that
two types of strong hydrogen bonds between water and the skeleton were respon-
sible for the shrinkage. This very large breathing induces some selectivity during
the exchange of water by other solvents. Acetone and ethanol are not exchangeable,
whereas DMF is, owing to the sufficiently strong hydrogen bonds they form with
the skeleton. This large breathing effect induces new applications, described in the
last section.

The MIL-88 type, (MIL-88A for muconate, B for terephtalate, C and D for
naphtalene and biphenyl dicarboxylates, respectively) with an hexagonal symme-
try [93,97,116, 117] corresponds to a coordination polymer based on trimeric units
with three octahedra sharing a p;-oxygen (Fig. 13). Within the 3D structure, the car-
boxylates linking the trimers create both tunnels and triangular bipyramidal cages
in such a way that, in the latter, there is no connection between the trimers in the
equatorial plane of the bipyramid.

This peculiarity induces unprecedented very large breathing effects, but in con-
trast to MIL-53, the input (solvent) is associated with an expansion of the frame-
work (Fig. 14). The extent of these swellings (most of the time reversible) strongly
depends on the nature of the dicarboxylate linking the trimers in the solids.

The as-synthesized solids always contain a few solvent molecules and drasti-
cally increase their volume by solvent exchange while keeping the same topology.
The evacuation of the solvent molecules by heating provides the dry forms, with
the same symmetry, but with a strong decrease in the cell volume. For example,
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Fig. 13 (001) projection (left) of MIL-88B and perspective view of its cage (right)

Fig. 14 Evolution of the breathing of MIL-88D. The (001) projection and the view of the cages
are represented: from left to right, the dry closed form, the as synthesized structure (as) and the
open extended one (open)
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in MIL-88D (chromium(III) biphenyl dicarboxylate), the ratio Vopen/Vary is larger
than three, which means a difference of more than 300% between the two states
[118]. Correlatively, this expansion/shrinkage implies very large reversible atomic
displacements in the structures (> 10 A for MIL-88D), the topology remaining in-
variant with apparently no bond breaking.

Structural reasons must exist for explaining such a behaviour. They concern two
types of situations: (i) the intrinsic flexibility of the framework itself, induced by
the existence of “weak points” within the skeleton, which allow the deformation of
the network under the action of the stimulus (this was explained for MIL-88 and
MIL-53 [118]) and (ii) the host—guest interactions (hydrogen bonds, VDW forces,
T — T interactions)

On the last point, the interactions created by the guest must be sufficiently ener-
getic to induce the structural changes described by Kitagawa and, once this condi-
tion is fulfilled, the extent of breathing will depend on the strength of the host—guest
interactions. For instance, with MIL-88C, and as far as hydrogen bonds are con-
cerned, the volume expansion when the dry form is put in contact with a solvent is
ten times more important for DMF than for H,O [118]. This could find application
in separations.

There is finally a topological restriction for breathing. As exemplified by MIL-
68 [95], a structure cannot breathe if odd cycles exist in the structure. Indeed, MIL-
68 is a polymorph of MIL-53. Despite the same formula and the same inorganic
chain, the structures are different. Instead of lozenge-shaped tunnels in MIL-53,
MIL-68 exhibits large hexagonal and small triangular tunnels. The latter confers
a strong rigidity to the structure, which was verified as a function of temperature,
excluding any breathing. The same rule applies for MOF-5.

6 Advantages and Disadvantages of Hybrids for Inorganic
Frameworks

In contrast to zeolite-related inorganic solids, which require the use of inorganic
or organic templates (amines, quaternary ammoniums etc.) in addition to the com-
ponents of the skeleton and the solvent, the situation is much simpler for MOFs:
the solvent itself acts as the main template. Such a feature presents a great advan-
tage, the skeleton of most MOFs is therefore neutral. Indeed, many structures of
zeolitic inorganic solids with a cationic skeleton often collapse during the extrac-
tion of the template owing to the strong electrostatic host—guest interactions, which
energetically represent an important contribution to the lattice energy. In MOFs, the
solvents have weaker interactions with the framework and therefore easily evolve
the structure at low temperature, often keeping the framework intact and providing
very quickly an important and readily accessible porosity. Moreover, the existence
of inorganic and organic moieties in the structure allows hydrophilic and hydropho-
bic parts to coexist within the pores and may have some influence on the adsorption
properties.
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Another interesting feature of MOFs concerns the number of cations that can par-
ticipate in the framework. Indeed, compared to inorganic ones [3], which are more
based on a few cations (Si and Al for zeolites, eventually doped with some transi-
tion metals, with the exception of titanosilicates [119]; Zr, Al, Ga, In phosphates
and arsenates, sometimes fully substituted by transition metals Ti [72], V [120],
Fe [121, 122], Co [123, 124], Ni [125], Zn [126, 127]), MOFs can accept almost
all the cations of the classification, at least those which are di-, tri- (including rare
earth) or tetravalent. Keeping in mind the tremendous number of species previously
isolated in coordination chemistry, this provides a huge number of possibilities for
creating new MOFs.

This number is drastically increased considering the large choice of functional-
ized organic linkers that can be associated with the inorganic parts. The functions
borne by the linker contain O or N donors. When O is concerned, they are mainly
mono- or polycarboxylates, mono- or polyphosphonates, but rarely sulfonates. All
of them, even combined, can provide different possibilities of linkage with the in-
organic cations (chelating, single bond, etc.). The nitrogen derivatives (cyanides,
pyridine, imidazoles, etc.) are fixed directly to the cation. Moreover, the carbon sub-
network (rigid or not) of the linker can itself be functionalized, depending on the
expected application (halogeno-, amino groups, etc.). This means that, potentially,
the possibilities of combination within this new family of hybrids tend towards infin-
ity. It is both the richness and the weakness of this family. The richness is clear, but
the weakness comes from the quasi-infinite number of potential products. Among
them, which are potentially interesting for applications? One cannot imagine testing
all these products for eventual applications, and the recourse to a predictive approach
for this family, initiated in our group (see above), will be more and more useful in
the future for converging more easily towards potentially interesting compounds.

While inorganic zeolitic solids, within a given topology, accept only a few sub-
stitutions of the groups (PO4 = AsO; etc.) and of metals, MOFs have the immense
advantage of being extremely tuneable in terms of size and shape of the pores, for
instance by playing on the length, the curvature and the functionalization of the lig-
ands, without affecting the crystallinity of the resulting compounds. This explains
the discovery of the first crystallized mesoporous MOFs [96, 99], which opened a
new window for potential applications. This tunability also concerns the inorganic
parts because the temperature of reaction modifies the coordination of the metal-
lic species, the nuclearity and/or the dimensionality of the inorganic subnetwork.
Within the same system, the other synthesis parameters being fixed, the increase
of temperature favours first an enhanced condensation of supplementary metallic
polyhedra on the starting cluster (increased nuclearity and modified connectivity).
Then, the increase of inorganic dimensionality (from OD to 3D) creates the onset
of long-range interactions (for instance, magnetic) and, therefore, the appearance of
physical properties usually encountered in dense solids. This induces new potential
applications beside the usual properties of porous solids (separation and storage,
catalysis etc.).
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Have MOFs disadvantages? For the moment, only one is apparent: their weaker
thermal stability (limited to 350-400°C, rarely more than 500°C) [85], which rules
out any application at high temperatures.

7 Porous Solids are Multifunctional Materials

Inorganic porous solids, and the first rank of zeolites, have for a long time been
strategic materials [3]. Their applications are primarily concerned with petrochem-
istry, catalysis molecular sieves and selective separation using both their porous
character, their high thermal stability and their interesting surface areas. Their prin-
cipal limitation was the relatively small size of the pores in the crystallized solids,
until the discovery of inorganic mesoporous compounds, which were further shown
to be rather disappointing regarding applications.

MOFs provided a breakthrough. They indeed combine all the desired possibili-
ties of the classical porous solids, with potentially unlimited pore size and surface
area, with the physical properties of dense solids that were quasi-inexistent for ze-
olites and related compounds. This means that, most of the time, whatever their
nature, the applications of porous solids (both real and potential) will concern the
same domains (catalysis, separation and storage of energetic and greenhouse fluids,
drug delivery, etc.) related to the current societal problems of energy, sustainable
development and health. However, depending on the nature of the porous solids, the
intensity of dedicated research varies within a given type of application, according
to the novelty of the compounds. As the field of application of inorganic micro-
and mesoporous solids is well documented, this review will mainly focus on the
potential applications of MOFs. In general, and even if some of them are unprece-
dented, the concerned domains are the same. In general, the performances of MOFs
are better than those of inorganic solids, in relation to the high tunability of the
former.

7.1 Catalysis

Although catalysis is potentially one of the most important applications of metal—
organic porous materials, as was the case for microporous zeolites and meso-
porous materials, only a handful of examples have been so far reported for MOFs
[128—131]. For catalytic applications using metal-organic open-framework materi-
als, apparently five types of catalyst systems or active sites have been utilized:

1. Homochiral metal-organic frameworks

2. Metal ions or ligands in the metal-organic frameworks

3. Coordinatively unsaturated metal (CUM) centres in metal-organic porous
materials
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4. Metal complexes in supramolecular porous frameworks
5. Highly dispersed metal or metal oxide nanoparticles loaded onto porous MOF
host lattices

Homochiral, porous MOFs that look like heterogeneous enzymatic catalysts are par-
ticularly attractive as heterogeneous asymmetric catalysts for the production of op-
tically active organic compounds due to the lack of chiral, inorganic zeolites. How-
ever, despite considerable efforts, attempts to synthesize homochiral metal-organic
porous materials capable of enantioselective catalysis have met with only limited
success. Only a few groups have recently provided preliminary evidence for the po-
tential utility of homochiral porous MOFs in enantioselective separation and catal-
ysis [132—135]. Recently, Dybtsev et al. [135] have isolated a Zn-based MOF with
bdc and lactate ligands, intrinsically homochiral, with size- and enantioselective
guest sorption properties and a remarkable catalytic activity with size- and chemos-
electivity, and high conversion in the oxidation of thioethers to sulfoxides.

Most popular examples for catalytic applications belong to framework catalysis
by metal ions in the MOFs even though the metal ion and the ligand are usually
selected as the building blocks rather than as catalysts. After the pioneer works
of Clearfield on phosphonates [136—138], framework catalysis by MOFs now in-
cludes cyanosilylation, the Diels—Alder reaction, hydrogenation, esterification, CO
etc. [139-143].

The introduction of CUM centres into porous MOFs can offer a promising tool
in catalysis because a regular arrangement of metal centres in the pore channels
induces regioselectivity or shape- or size-selectivity towards guest molecules or re-
action intermediates. For example, Kitagawa and coworkers [144, 145] have shown
that pore surface engineering using a metaloligand as a building unit could pro-
vide the introduction of CUM centres. Some of examples in framework catalysis
may have been achieved by CUM centres in MOFs although it was not clearly
mentioned.

Given that inorganic porous materials that contain metal complexes encapsulated
in their porous cavities take advantages of heterogeneous catalysts, it might be a
good approach to encapsulate metal complexes into MOFs through supramolecular
self-assembly. A few authors recently illustrated this strategy [146,147]. The result-
ing supramolecular frameworks show size- and shape-selective catalytic activity in
the oxidation of phenols with H,O» to form dihydroxybenzenes.

The use of highly dispersed metal or metal oxide nanoparticles inside porous
MOF host lattices is very rare. Pd and Pt phosphonates are active catalysts for the
photochemical production of H, [148] and the production of hydrogen peroxide
from streams of H, and O, [149, 150]. Recently, Fischer and coworkers have shown
that metal-organic chemical vapour deposition gave inorganic nanoparticles (Cu
and Pd) in MOF-5 to be moderately active for methanol synthesis (Cu@MOF-5)
and hydrogenation of cyclooctene (Pd@MOF-5), respectively [147]. However, the
surface functionalization of pores for catalytic applications remains still unexplored
in porous MOFs in spite of it being a promising research area, previously exempli-
fied in mesoporous materials.
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Whereas catalytic applications concern the surface of the pores, many others use
either the pores and their possibility of being filled by inserted species, or the skele-
ton, as soon as properties close to those of dense solids (magnetism, conductivity,
optical properties) are required.

7.2 Insertion of Species and Their Applications

Solvents are easily evacuated from the pores of MOFs. The tunability of pore size
renders MOFs particularly attractive for insertion of species, including gases, liq-
uids, molecules, inorganic nanoparticles and metals. On the point of tunability, a
false debate is emerging: which are better: large pores or small pores? Such a ques-
tion is not reasonable. The choice will only depend on the required application and
on the size of the species to be inserted. It is clear that if a selectivity between small
species is looked for, there is no need for large pores. In contrast, if the aim is to
insert drugs into the pores, the larger the cage, the better the storage. In other words,
instead of seeing the two ways as opposite, it is better to use all the possibilities of
dimensions described in the literature to fit a given application and to optimize it.
This does not prevent the search for larger and larger pores. Apart from the idea of
a world record (but every record is to be beaten), it is more important to enlarge the
possibilities of insertion for dedicated applications.

7.3 Gas Adsorption/Separation/Storage and Energy

This domain is increasingly important. The decrease in fossil energies urgently
needs solutions of substitution, and MOFs might represent one of them for their
capacity to adsorb large amounts of strategic gases like Hp, CO,, CHy, CO, O,
NOy, CoH; etc. within the cages. The American Department of Energy recently
fixed the lower limits of adsorption (6.5 wt% for hydrogen) needed for realistic en-
ergy applications in this domain [151, 152].

The first success, due to Kitagawa in 1997 [103], was the introduction of large
amounts of methane in a coordination polymer. This opened the way for a tremen-
dous search for materials able to store these gases, due both to their high specific
surface areas (SSA) and large pore sizes. For the moment, the main efforts concen-
trate on Hy, CH4 and CO, with, however, a striking difference between the first and
the others. Indeed, MOFs adsorb large amounts of hydrogen only at 77 K; at room
temperature, adsorption is negligible, in contrast to CHy4 and CO,, which exhibit in-
teresting performances at 300 K and above. This low temperature adsorption of Hj
prevented, for a long time, applications for its use in cars. Recent technical solutions
are in progress (Eberle, private communication).

At this point, two general remarks must be made. The first concerns the perfor-
mances of MOFs and their reproducibility. Indeed, the performance of a MOF is
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strongly dependent on the way of synthesis, on the scale of production (laboratory
or large-scale preparations) and on the efficiency of activation of the MOF. It is cur-
rently difficult to compare the real performances because the data (for instance wt%)
refer to a given P/P, ratio (often at 1 bar) whereas the true capacity must be mea-
sured at high pressure (60-70 bar). For the future, there is an urgent need for normal-
ization, with a complete set data including isotherms of adsorption (classical) and
desorption (currently rare), gas capacity at high pressure (wt%; cm’>g~!; cm? cm’3)
as well as surface areas (BET, Langmuir). At the laboratory scale, the performances
of only three MOFs have been currently validated: MOF-5 [153], MIL-53 [154] and
HKUST-1 [155]. The second remark concerns an emerging trend. The improvement
of the performances in gas adsorption will allow a better understanding of the mech-
anisms and thermodynamics of adsorption, and of a better structural knowledge of
the adsorption sites. This has been done for zeolites. Measurements of heats of ad-
sorption are currently very scarce [156,157], as well as the localization of adsorbed
molecules, experimentally (using X-ray and neutron diffraction) [158—160] or theo-
retically using computer simulations [161-169]. This shall be a major requirement
for the future. The identification of the active sites, either on the inorganic or organic
moieties, will be very important for elaborating new syntheses.

7.4 Hydrogen Adsorption and Storage

This is currently one of the major challenges for energy purposes and for fuel cell-
driven cars [169-174]. Hydrides seemed attractive for such a purpose, but both their
high density (which leads to low weight-based storage) and the obligation to heat
them for delivering hydrogen were drastic limitations for their industrial use, even
if alanates [175, 176] represent a significant progress. MOFs do not have these lim-
itations since their density is very low (< Igecm™3) and their hydrogen storage is
governed by physisorption and not redox reactions.

Up to now, the best-verified MOFs for hydrogen storage at 77 K are MOF-177
(7.5wt% at 70bar) [177], MOF-5 (5.1 wt% at saturation), MIL-53(Al) (4.5 wt%
at saturation) and HKUST-1 (3.6 wt% at saturation). The heats of adsorption were
calculated to be —3.8 and —4.5kJmol~! for MOF-5 and HKUST-1, respectively.
The adsorption—desorption curve of MIL-53 presents an hysteresis, which is due to
the breathing effect in this solid. Some 90% of its total capacity is reached in less
than 1 min; 2.2 wt% of hydrogen is recovered at 0.1 bar. All these MOFs show Hj
capacities much larger than those reported for zeolites A, X, Y and RHO (1.8 wt%)
[178] and compare favourably to high-grade activated carbon [179, 180].

These high capacities make MOFs very efficient for industrial applications. As
shown by Miiller et al. [26], comparing the pressurization of an empty container
with hydrogen, the above MOFs increasingly take up higher amounts of hydrogen,
exceeding the standard pressure—volume—temperature (PVT) uptake curve of the
empty container. At 40 bar, the PVT relation of hydrogen in an empty canister is
registered as 12.8 gH, L' [179,180], whereas Cu-BTC-MOF filled into containers



The Long Story and the Brilliant Future of Crystallized Porous Solids 117

H, uptake [g Hy /| container]

H, uptake by
empty container

I
10 20 30 40

Absolute pressure (bars)

Fig. 15 Effect of MOF introduction in a container for hydrogen storage

reaches a plus 44% capacity of up to 18.5gH,L~". For comparison, the volume-
specific density of liquid hydrogen at its boiling point (20K) is 70gH;. On a per
weight calculation, the saturation of MOFs with hydrogen is already achieved at
pressures of less than 15bar (Fig. 15). Some dedicated reviews appeared on the
subject in 2005 [170-172].

For a few experimental determinations of the localization of H, molecules in
MOFs [158-160], several computer simulations have been performed, which either
anticipated experience or agreed with it [161-169]. Whatever the case, experience
and simulation show that it is molecular dihydrogen that is adsorbed, and that the
metal-oxygen clusters are the preferential adsorption sites for Hy in MOFs; the
effect of the organic linkers becomes evident only at high pressure.

The H; storage capacity of MOFs is definitively larger than that of carbon nan-
otubes, which is much higher than that of zeolites. Furthermore, diffusion of Hj
in MOFs is an activated process, similar to diffusion in zeolites. This domain is
currently a great challenge, combining targeted storage capacities, thermodynam-
ics and kinetics of exchange. It will become more and more interdisciplinary, using
chemistry, physics and engineering science.

7.5 CO;, and CHy4 Adsorption and Storage

These two gases are also strategic for pollution and energy problems. In particular,
the current elimination of CO; uses chilling, pressure, contact with amine solutions
[181], chemisorption on oxide surfaces or adsorption within zeolites, carbons, or
membranes [182], but MOFs present a valuable alternative for this removal.
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In contrast to hydrogen, CO, and CHy4 are both adsorbed at room temperature.
However, studies on their adsorption are by far less numerous than for hydro-
gen [157, 183-190], even if it is with CHy that the story of gas adsorption began
for MOFs [103]. In a general way, methane is less adsorbed than CO,. Even if it
is not yet clearly understood, it seems that the difference in adsorption is due to
the existence of a large quadrupolar moment for CO, (—1.4 x 1073>C —m) [157],
which does not exist with CH,4. This moment induces specific interactions with ad-
sorbents (molecular orientation, hydrogen bonding etc.) which, depending on the
host structure, will give different behaviours for the adsorption isotherms.

Currently, the best adsorbers are MOF-177 [189] (Langmuir surface area (LSA)
4500m”g~!, 11 x 17 A pores) and MIL-101 [191] (LSA 5900m?g~!, 29 and 34 A
diameters), which correspond to the solids having the largest pores ever evidenced
(Fig. 16). They adsorb more than 30mmolg~! (33.5 at 40 bar for MOF-177 and 40
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Fig. 16 CO, and CHy4 adsorption isotherms of MIL-101 and MOF-177 at 300 K. Comparison with
pure CO,
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Fig. 17 CO;, and CH4 adsorption isotherms of anhydrous and hydrated MIL-53 and location of
CO; molecules within the tunnels

at 50 bar for MIL-101), which means about seven times the amount of pure CO, in
a container pressurized at the same pressure.

Only two structural studies on CO, adsorption exist [158, 192]. Both show that
flexibility might have an influence. In both cases, the enthalpy of adsorption is close
to 35kJmol~!. Anhydrous MIL-53 presents the most pronounced behaviour, related
to its already mentioned large breathing effect (ca. 40%). Whereas the isotherm is
classical with CHy, the CO, isotherm presents a two-step behaviour (Fig. 17). After
a first increase of CO, uptake, it marks a clear plateau at 3mmolg~! up to 5bar
before a second increase up to 9mmol g~! at 20 bar. In situ diffraction studies [192]
provide the explanation. When dehydrated under vacuum before CO; adsorption,
MIL-53 adopts its expanded structure, but at low pressures of CO, its structure
readopts the shrunken form up to 5-6 bar. At higher pressure, the structure reopens
to give the expanded form.

A complete structural study at 1 bar shows that the CO, molecules lie at the cen-
tre of the tunnels, as water molecules did, but the interactions are different, even if
the OH groups shared between the octahedra of the skeleton are concerned in both
cases. Whereas with H,O, the interactions occurred between the OH groups and
the oxygens of the water molecules of the tunnels, with CO, it is the carbon and
not the oxygen of CO; that interacts with OH. This induces a strong but continu-
ous modification of the IR spectrum, followed by in situ measurements [193], and
correlatively, a clear bending of the CO, molecule by 6°.

This tends to demonstrate an influence of the polar character of the adsorbed
molecules on the host—guest interactions and on the shape of the isotherms. This
could have applications in selective adsorption of polar molecules. It is the reason
why our group recently studied the adsorption of CO, and CHy by the hydrated form
of MIL-53 [190] in order to see the behaviour of a non-polar and polar probes in
the presence of a second polar molecule (here water). The isotherms are drastically
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changed (Fig. 17). Whereas CHy is almost not adsorbed up to 20 bar (0.2mmolg '),
there is a very little uptake of CO; up to 10 bar and a sudden increase (8 mmolg~!)
after. XRPD patterns show that, up to 10 bar, the shrunken form of MIL-53 prevails,
and in situ IR spectroscopy indicates a progressive displacement of the water. This
could find applications in the recovery of CO; in mixed gas streams, particularly
natural gas.

7.6 Adsorption and Storage of Other Gases and Liquids

In these cases, most papers just mention the corresponding amount vs. P/P, curves
and element databases, but do not go further. This a cruel deficiency in knowledge
because progress in understanding adsorption requires, as already noted, structural
information on the host—guest interactions. Two outstanding exceptions exist, com-
ing from the Kitagawa group [108, 109, 194-201] and Howard et al. [160]. The first
systematically performed in situ synchrotron radiation studies on the adsorption of
many gases by some of their solids and determined the adsorption sites. In partic-
ular, they proved that for C,H, adsorption results in an unprecedented acidobasic
reaction between the oxygens of the framework and the hydrogens of CoH,, with
the formation of a weak O—H bond during the phase transitions [200,201] that occur
during adsorption. This provides one more example that adsorption is favoured by
flexibility of the framework (breathing, gate effects), a behaviour that was nicely
reviewed by Rosseinsky [202-204]. The second exception concerns the location of
argon and dinitrogen in MOF-5. The first adsorption sites are also close to the inor-
ganic cluster.

The tunability of the pore size in MOFs is also a big advantage for the sepa-
ration of alcanes. This application, well known for zeolites, is just emerging for
MOFs. A recent structural paper by Li et al. [205] proves that the pore size of one
of their coordination polymers is sufficiently large for trapping methane, ethane
and propane, while butane is not inserted. Moreover, in the petroleum industry, the
separation of alkane isomers is a very important process. Narrow pore zeolites can
sieve linear from branched alkanes to boost octane ratings in gasoline. Recently,
a solid described simultaneously by different groups [206-208] exhibits a similar
behaviour and is used for gas-chromatographic separation of linear and branched
alkanes [208]. Whereas the first example described real trapping of small alkanes,
the second, owing to the small dimensions of the cage (4 x 4 A), concerns only the
window’s accessibility to the pores. They can accommodate only the linear part of
the branched isomer, and the retention of alkanes on the column mainly depends on
the length of the linear part of the alkane and its van der Waals interactions with the
microporous MOF walls.

The immense possibilities of adsorption of MOFs also apply liquids. Recently,
Jacobson et al. [209] introduced aniline, thiophene and acetone in crystals of MIL-
47 (V**) by impregnation and localized the species within the tunnels. The interca-
lated aniline molecules show substantial ring—ring T—7 interactions between them
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and with the BDC ligand over short distances. The ©—7 interactions are comple-
mented by weak C—H - - -t and N-H - - -  interactions between the aniline molecules
and the BDC ligands. The packing of thiophene molecules is similar to that of ani-
line. A clear C-H - - - 7 interaction between the thiophene molecules and the frame-
work BDC seems to play a major role in determining the thiophene orientation.

Breathing occurs during insertion and induces non-centrosymmetry. This was
confirmed by second harmonic generation (SHG) measurements. The SHG effi-
ciency of intercalated solids is comparable to that of quartz. This shows the im-
portance of non-covalent orientated weak interactions in the packing of organic
molecules within nanopores of MOFs. As mentioned by Jacobson, such interactions,
although relatively weak, may readily cause remarkable deformation and symme-
try change of the framework, which point to effective ways of manipulating known
materials or designing new materials with targeted properties through intercalation
chemistry. As recently shown by De Vos et al. [210], the same solid MIL-47 also ex-
hibits remarkable properties of separation between the different isomers of xylene.
These features open new opportunities of application for MOFs.

7.7 Adsorption/Storage of Molecular Species, Catalysis
and Drug Delivery

These molecular species can be either organic or inorganic. The variety of inserted
moieties is strongly dependent on the size of the pores. This justifies the current
search for very large pores limited by crystalline walls. Compared to inorganic
porous solids with their pores limited to 24-membered rings, MOFs indeed represent
a gap in this domain. With larger pores, the trapping of larger molecules or polyions
becomes possible. For instance, by impregnation, crystals of MOF-177 [211] incor-
porate in their cages (accessible diameter 11 A) several aromatics, Cgo and dyes.

A decisive gap has been reached with the discovery of the mesoporous MOFs
MIL-100 and MIL-101. Their augmented MTN zeolite topology exhibits two types
of cages with 20 and 28 vertices, the first with exclusively pentagonal windows and
the other with pentagonal and hexagonal windows with large apertures (up to 16 A).
These windows allow the introduction of large molecular species, particularly drugs.
The analgesic Iboprofen was used as a probe for validation [212].

MIL-100 and MIL-101 show remarkable Ibuprofen uptake (0.35 and 1.4 g per
gram of dehydrated MILs, respectively) (Fig. 18). The difference is the result of their
different pore sizes (25 and 29 A for MIL-100; 25 and 29 A for MIL-101). This is
very important as only very small amounts of material are required for the adminis-
tration of high dosages. The free apertures of the windows of the cages compared to
those of Ibuprofen (6 x 10.3 A) [4.8 A (MIL-100) and 12 A (MIL-101) for the pen-
tagonal; 8.6 A (MIL-100) and 16 A (MIL-101) for the hexagonal] explain this dis-
crepancy. Therefore, Ibuprofen fills only the large cages in MIL-100, and all of them
in MIL-101. Each small and large cage of MIL-101 hosts approximately 56 and 92
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Fig. 18 Compared adsorptions of ibuprofen by MCM-41, MIL-100 and MIL-101

Ibuprofen molecules, which represents four times the capacity of MCM-41 toward
Ibuprofen [213]. Moreover, the release of the drug at physiological pH occurs in
3 days with MIL-100 and 6 days with MIL-101, in two steps. The faster release
concerns the molecules that fill the cages, whereas the slower release relates to the
molecules in noticeable interaction with the framework.

This unprecedented behaviour illustrates three facts:

1. The ever-growing need for very large pores

2. When tuneable, the hierarchy of mesopores can act as an internal molecular sieve
for a given guest of important dimensions with a selective occupation of the
cages; the empty cages remain able to host a different species

3. Such matrices may provide tools for the study of nanoassemblies of organic com-
pounds and help the development of nanoorganic chemistry

Moreover, this behaviour adds a new route for drug storage and release. Two
routes have been previously set up: the “organic route”, which uses either bio-
compatible dendritic macromolecules or polymers [214, 215], and the “inorganic
route”, in which the hosts are inorganic porous solids, such as zeolites [216,217]
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or mesoporous silicate materials [218]. In the first case, a wide range of drugs can
be encapsulated but a controlled release is difficult to achieve in the absence of a
well-defined porosity [214,215]. In the second case, this release is performed by
grafting organic molecules onto the pore walls, but implies a decrease in the drug-
loading capacity [219]. Crystallized mesoporous MIL-100 and MIL-101 introduce
a third way, the “hybrid” route. Indeed, the combination of a high and regular poros-
ity with the presence of organic groups within the framework may accumulate the
advantages to achieve both a high drug loading and a controlled release.

These mesopores also allow the introduction of large molecular inorganic species
within the cages. For instance, MIL-101 incorporates [99] the Keggin polyanion
PWHOZa . Owing to the large dimension of this anion (ca. 13 A), only the large
cages can host it. From XRPD, TGA, specific surfaces and solid state NMR mea-
surements, it was proven that each cage can accept five Keggin ions, representing
50% of the volume of the cage. This successful incorporation of large amounts of
Keggin anions strongly suggests that MIL-101 is an ideal candidate for the intro-
duction of other nanoobjects with chemical, physical, biological or medicinal prop-
erties.

In a general way, a fit must exist between the size of the guest and the di-
mensions of the windows. A recent example [147] illustrates this point. Fischer
looked at the absorption of volatile or very soluble metal organic CVD precursors
[(n° — CsHs)Pd(n*C3Hs), (° — CsHs)Cu(PMes), (CH3)Au(PMes) and Cu(OR),
where R = CH(CH3)CH,NMe;]. Only the latter does not incorporate the structure
because its dimensions exceed those of the pore window of MOF-5 (8 A). Reduction
of the intercalated compounds by H» leads to the formation of metallic nanoparti-
cles. In the case of Pd, the framework of MOF-5 is strongly affected by the treatment
whereas, with Cu and Au, it remains intact. However, the range of observed particle
sizes (13-15 A for Pd, 30-40 A for Cu, 50-200 A for Au) is far above the dimen-
sions of the cage, indicating a biphasic metal-MOF mixture instead of incorpora-
tion at the nanometric scale, which is at variance to that observed with MCM [220].
However, the corresponding solids exhibit some catalytic properties.

Inclusion of metallic nanoparticles in MOFs remains a challenge. Suh et al. [221]
recently tried to generate in situ nanoparticles of Ag and Au within a flexible two-
dimensional MOF [Ni*/ (cyclam), ][BPTC] through the reduction of noble metals by
the Ni>* of the cyclam complex. Reduction effectively occurs but a thorough study,
including many types of characterization, proved that the MOF network remained
intact and that the nanoparticles (40 A for Ag, 20 A for Au) are not incorporated
between the layers but form a metal-MOF composite. The authors suggest that
Ag(I) metal ions are introduced between the host layers and react with the Ni(II)
species incorporated in the host to form Ag(0) atoms, which diffuse to the surface
of the solid to grow into nanoparticles. Since the Ag nanoparticles grow on the sur-
face of the solid, the host structure can be maintained even after the nanoparticles
of ca. 4nm are formed. Such an explanation also seems valid for the above met-
alocenes.
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7.8 MOFs as Nanoreactors and Nanomoulds for Nanosciences
and Applied Physics

Despite being unsuccessful, the work of Suh was an elegant trial for using MOFs
as reactors within which nanospecies could be synthesized in situ and confined in
the pores. The high reactivity and diffusion of metallic aggregates was probably re-
sponsible for the failure. However, as soon as such a strategy becomes applicable,
a myriad of new possibilities will arise in relation to the physical properties usually
encountered in dense solids (magnetism, conductivity, optical properties etc.), but
this time at the nanoscale. The specific advantage of MOFs is to provide large, tune-
able and well-defined crystallized pores. Besides their now-classical role of storage
and sieving, they can act as nanoreactors and allow chemical reactions and the for-
mation of known (or unknown) products within the cages, with the possibility of
seeing the effect of confinement on the structure of the included species. Once this
nanoreactor role is realized, the cages will act as nanomoulds for the synthesized
species because the size of the latter is fixed by the dimensions of the cage, therefore
leading to calibrated monodisperse nanoparticles, a feature that is scarcely reached
by the usual ways of obtaining nanoobjects. This opens the way to a new step in the
knowledge of nanophysics with the study of strictly monodisperse assemblies, their
size being tuneable as a function of the size of the cage.

The first example of such a strategy is provided by MIL-101 [99]. Once desol-
vated and impregnated in a Zn>* solution, it provides nanoparticles of the semi-
conductor ZnS when the carefully washed Zn-impregnated solid is treated by an
H,S stream at 300 K. High resolution electron microscopy with associated chem-
ical nanoanalysis on small crystals unambiguously proves that the semiconductor
particles reside only within the pores and not on the surface. Both types of cages are
partially occupied with four ZnS/trimers, which means 80 and 40 ZnS assemblies
within each type of cage, corresponding to a 50% occupancy of the volume of the
pores. From preliminary studies, it seems that the sphalerite form of ZnS is privi-
leged in the aggregates, whereas for 60 ZnS, computer simulation of the nucleation
and growth of ZnS nanoparticles predicted the existence of bubbles close to a so-
dalite arrangement [222]. Evolution of the semiconducting properties is currently in
progress. Such a result opens larger perspectives for nanoscience: it becomes pos-
sible to imagine the introduction of known dense materials in mesoporous MOFs,
such as semiconductors (or a mixture of them), photocatalysts (TiO,), oxide con-
ductors (YBaCuO), ferro- and ferrimagnets (CrO,, spinels, etc.) as soon as the ded-
icated chemistry is developed for such a purpose. For that, the accumulated knowl-
edge on the preparation of these nanophases, but in a non-confined form, will be
useful.

Conductivity of porous MOFS seemed impossible until recently. Conductivity
implies either mobility of species (ionic conductivity) or delocalization (electronic
conductivity, isotropic or anisotropic). For MOFs, if ionic conduction is theoret-
ically possible when dedicated inserted species are chosen, electronic conduction
seems to be almost inaccessible for at least two reasons: (i) there is no clear mention
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of MOFs containing mixed-valence species, a necessary condition for eventual elec-
tronic delocalization, and (ii) most of the MOFs are coordination polymers (0D for
the inorganic framework), whereas, except in a few cases, at least a 1D inorganic
subnetwork is required.

A recent breakthrough circumvents these limitations in terms of mixed-valence
and at least of ionic conductivity [223]. The progressive electrochemical insertion of
lithium in the breathing MIL—53(Fe3+) with one dimensional Fe(III) chains induces
the onset of Fe>* within the chains, proved by a Mdssbauer study. Used as an elec-
trode in a Li-half cell, this material shows a reversible redox process around 3.0 V
vs. LiT/Li°® exchanging 0.6 Li per formula unit with excellent capacity retention
and rate capability, even if the induced electronic conductivity is rather low. More-
over, the magnetic properties change from antiferromagnetic for MIL—53(Fe3+)
to ferrimagnetic for Li-MIL-53(Fe3+). It finally reveals an interesting property of
MOFs with large galleries, related to the breathing effect: the uptake of electrolyte
molecules within their channels facilitating ionic transport in MOFs. Mixed valence
in MOFs opens a wealth of opportunities for the elaboration of materials with tune-
able properties for various applications.

Magnetic properties of MOFs are an emerging field, recently reviewed by
Veciana et al. [224]. As for inorganic porous solids [122], the results are rather
scarce. Due to the very low magnetic ordering temperatures, this field is currently
restricted to academic interest. However, magnetic MOFs present interesting fea-
tures, some of them being specific to the hybrid nature of the related structures. An
example is the use of ligands with phenyl rings which, through their delocalized
electrons, can transmit the magnetic information between several inorganic moieties
and create long-range interactions even for 0D coordination polymers.

Transition metal-containing MOFs (d and f) with various dimensionalities of
the inorganic subnetwork satisfy the rules of molecular magnetism and of the
Kanamori—-Goodenough laws [225-227]. The sign and the strength of the mag-
netic superexchange interactions depend on both the nature of the magnetic carriers,
which can give either isotropic (Mn>*, Fe*¥) or anisotropic (Co”) couplings, and
on geometrical criteria concerning the M—X-M superexchange angles. Depending
on these angles, the coupling can change from antiferromagnetic to ferromagnetic,
and the strength from strong (when the M—X-M angle is close to 180°) to weak
(when the M—X-M angle is close to 90°). For 2D solids, dipolar magnetic interac-
tions must also be taken into account for the long-range interactions. This means
that all the magnetic behaviours encountered in dense solids are also encountered in
MOFs, including frustrating problems when odd cycles of cations in antiferromag-
netic interactions are involved in the structure [228,229].

Veciana et al. [230-233] recently introduced a new strategy for enhancing the
magnetic properties of MOFs. They used the purely organic radical (polychlori-
nated triphenylmethyl tricarboxylate or PTMTC) as “spacer” paramagnetic ligands,
which interact magnetically with the transition metal. The so-called MOROFs se-
ries exhibit interesting properties. The layered Cu-MOROF-1 is a ferrimagnet below
2 K and exhibits a spectacular reversible breathing behaviour upon solvent uptake
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and release with a change of 30% of the volume, the desolvated phase exhibiting
turbostratic disorder. In the 3D Co-MOROF-3, ferro- and antiferromagnetic interac-
tions coexist.

The guest dependence on the magnetic properties is nicely illustrated by the
porous manganese(I) formate [234] [Mn3(HCOO)g]MeOH.H,O with a diamond-
type framework built up from MnMny supertetrahedra. This exhibits a guest-
modulated ferrimagnetic behaviour, owing to the steric effects of the guest which
induce subtle changes in the framework. The Curie temperature, originally mea-
sured as 8 K, can vary from 5 to 10 K according to the nature of the guests reinserted
in the porous framework. Such effects could also explain the complex 4f — 3d inter-
actions in the trimetallic Cu—Gd—Fe coordination polymer [235].

Finally, one could expect an increase of the critical magnetic temperatures for
higher dimensionalities. They currently do not exceed 100 K, even if a remnant mag-
netization has been mentioned at room temperature for Cua (py)2(BDC), [236]. Un-
til now, only Ni>* carboxylates exhibit 3D inorganic subnetworks. Higher T, values
could therefore be expected but, despite interesting ferri- and ferromagnetic proper-
ties, they occur only at T < 10K [237-239] because the polyhedra in these structures
only share edges and faces, a characteristic that is not favourable for high critical
temperatures.

The optical properties of MOFs mainly concern luminescence. Here also, the
possibility for MOFs to accept many metals, including rare-earths, and the tunability
of the chromophores as ligands offer great opportunities for new phosphors and
probes. Numerous lanthanide carboxylates have been isolated [240-265] but only
some of them were submitted to spectroscopic investigations, often restricted to the
presentation of the emission spectra. The small interest is due to the fact that, in
Ln-MOFs, the rare-earth polyhedra have water ligands, which are well known to
quench fluorescence due to the loss of excited-state energy to vibrational energy of
an OH oscillator in close proximity, even though it was shown that the evolution
of Eu* lifetimes can serve as an indicator of the degree of hydration of some Ln-
glutarates [266].

Howeyver, a characteristic of lanthanide fluorescence is their low absorbance co-
efficients, and a coordinated ligand with a  delocalized system can stimulate energy
transfer to the metal centre via an intramolecular pathway. This effect, named the
antenna effect [267,268] can realize efficient UV light conversion devices. This
goal has incited research in many fields and new concepts have emerged [269,270].
MOFs could be good candidates for such a purpose but serious and quantitative
studies are currently extremely rare [265,271]. For example, the rare earth trime-
sate Ln[(CgH3)(COO)3] [271] has demonstrated such an antenna effect. The ligand
triplet state is located 200cm ™! higher than the D (Eu3+) emitting level, and the
migration of the excitation occurs along the chains of rare-earth polyhedra with an
activation energy quite similar to the energy separation between the triplet state and
the Dy (Eu’") level.
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8 Conclusion

Only a few topics have known such a tremendous development in 15 years. Be-
sides the current explosion of new products and the increase in understanding of
their formation, the current trends over the last 3 years offer a myriad of potential
applications. The only limit is the imagination of researchers. Within a few years,
hybrid solids have passed from curiosities to strategic materials. Not only do they
amplify most of the performances of the usual porous solids (sieving, adsorption,
storage, etc.) but they reach domains usually reserved for other disciplines: solid
state chemistry and physics with the introduction of physical properties usually de-
voted to dense phases; life sciences with their ability to store and deliver drugs; the
emerging nanosciences with the possibility of providing monodisperse nanoparti-
cles of many kinds of solids. Even polymer science is now concerned [272] with
the polymerization of monomers and their dependence on the confinement effects
provided by the restricted space of the pores. These solids represent a new world.
We just discover it.
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Supramolecular Chemistry

of 4,4 -Bipyridine-N, N'-dioxide in Transition
Metal Complexes: A Rich Diversity

of Co-ordinate, Hydrogen-Bond and Aromatic
Stacking Interactions

Junhua Jia, Peter Hubberstey, Neil R. Champness, and Martin Schroder

Abstract 4,4'-Bipyridine-N,N’-dioxide (L') has enormous flexibility as a
supramolecular linker since it can be involved not only in co-ordinate and hydrogen-
bonds via its N, N’-dioxide oxygen centres, but the pyridine-N-oxide rings can also
form aromatic -7 stacking interactions. Thus, L! can bridge between, or act as a
pendant ligand to metal centres and can support hydrogen-bonds within a lattice
in a site remote from the metal centre. Of the structurally characterised transition
metal complexes abstracted from the literature for this review, 26 form molecular
compounds, 14 form 1D chains, 9 form 2D sheets of either 36 4% or 63 topology,
while 5 form 3D networks with either 4126 (a-Po type) or 436°8 topology. To
target multidimensional architectures it has been found to be necessary to avoid
aqueous solutions and strongly co-ordinating anions, and consequently the syn-
thesis of multidimensional L'-bridged transition metal co-ordination polymers has
usually involved reaction of L! with metal salts of weakly co-ordinating anions in
low molecular weight alcohols. Of the 98 distinct molecules of L! reported for com-
plexes in the literature, 42 are bridging, 36 pendant and 20 are non-co-ordinated
hydrogen-bonded molecules. Approximately 75% of the bridging L' molecules
adopt an anti-conformation, while the remainder adopt a syn-conformation. This
prevalence of the anti-conformation contrasts markedly with the situation observed
for lanthanide compounds, for which approximately 75% adopt a syn-conformation.
A number of trends in the co-ordination behaviour of L! with transition metals can
be identified. Co-ordination to metal centres is based on sp® hybridised oxygen
donors, but the m-interaction between the oxygen p, orbital and the aromatic ring is
sufficiently weak that the oxygen lone pairs are normally twisted out of the plane of
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the pyridine-N-oxide by a steric clash between the metal centre and the o-hydrogen
of the pyridine ring. As a result of this steric hindrance, <M - -- O-N angles increase
with decreasing perpendicular distance of the metal from the plane of the pyridine-
N-oxide. Finally, M - - - M (M = d-block metal) separations in complexes containing
anti- and syn-conformation bridging ligands fall in similar ranges. However, those
with syn-conformation ligands show an increase in M - - - M separation with increas-
ing <M---O---O--- M torsion angle, while those anti-conformation ligands show
an increase in M - - - M separation with increasing <M--- O-N angle.

Keywords: 4.,4'-Bipyridine-N, N’-dioxide - Co-ordination polymers - Metal—
organic framework - Supramolecular - Transition metals
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Abbreviations

L! 4,4'-Bipyridine-N, N'-dioxide

L? 2,6-Bis[N-2-pyridylethyl)formimidoyl]phenolate

Hubpte 3,3, 4,4'-Biphenyltetracarboxylic acid
Hfac Hexafluoroacetylacetonate

1 Introduction

Metal organic co-ordination frameworks have attracted much interest recently [1-5]
owing to their potential as materials for solvent-inclusion [6—11] or gas adsorption
[12-15] or with electronic [16, 17] or non-linear optical properties [18, 19]. The
rational design and targeted synthesis of multidimensional molecular architectures
is also of significance in the quest not only to understand how crystalline and ordered
materials may be engineered [20-22], but also to elucidate the underlying processes
of self-assembly [23-27].
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The architectures of metal organic co-ordination frameworks are comprised of
metal centres bridged by organic ligands [28,29]. Initially, the majority of the frame-
works were produced by linking metal centres with rigid linear N-donor biden-
tate bridging ligands, such as 4,4’-bipyridine [1-5]. More recently, less sterically
demanding and more structurally flexible ligands, including 4,4’-bipyridine-N,N’-
dioxide (L' ), which can bridge metal centres in both anti- and syn-conformations as
well as forming “double-bridges”, have been utilised. We reviewed recently the con-
struction of co-ordination frameworks comprising lanthanide metal centres linked
by L! arguing that they are best considered as design frameworks based on 4*- and
6°-subnet tectons [30-35]. In the present review, we consider the literature available
on supramolecular frameworks derived from L! with d-block transition metal ions.
In the only previous review of L'-bridged d-block transition metal co-ordination
networks, Roesky and Andruh contrasted the role of L! as a bridging ligand to that
of N, N’-donor linkers, particularly, 4,4’-bipyridine [36].

As a supramolecular linker, L! has enormous potential. Assuming sp?® hybridi-
sation of the oxygen donor atoms (Scheme 1), it has four lone pairs of electrons,
which can be exploited in either direct Lewis base—Lewis acid co-ordination to a
metal centre or hydrogen-bond formation with a co-ordinated protic solvent such
as water or methanol. Furthermore, the two pyridyl rings provide the opportunity
for the formation of aromatic T—7 stacking interactions. The outcome of the compe-
tition between metal co-ordination and hydrogen-bond formation arising from the
dual role of the N, N'-dioxide oxygen atoms depends on several factors including
the strength of the N, N’-dioxide oxygen to metal, the solvent or anion to metal, and
the solvent to N, N’-dioxide O-H- - - O hydrogen-bond interactions. Three scenarios
can be envisaged with L! acting as pendant ligands (Scheme 1a—c), bridges between
metal centres (Scheme 1d-f) or sited within the lattice remote from the metal centres
(Scheme 1g-i). In all three cases, lone pairs are available to act as hydrogen-bond
acceptors to protic solvents (Scheme 1b, c, e, g—i). It thus follows that any rational
design of framework materials is not only dependent on the identity of the metal
centre and linker but also on the choices of anion and solvent. These need to be
taken into account as the more strongly co-ordinating anions and solvent molecules
can also occupy metal centre co-ordination sites, thereby cutting the number avail-
able for L! molecules and reducing both the co-ordinate connectivity of the metal
centre and dimensionality of the resultant framework.

2 Structural Chemistry

Structurally characterised complexes containing both a d-block transition metal
and L! are summarised in Table 1, which also includes data pertaining to the
co-ordination properties of L!. Although over 50 such compounds have been re-
ported, few form co-ordinatively bonded framework materials. Of those that have
been described, 1D chains are more common than 2D sheets and 3D networks. In
this review, the complexes are considered in order of dimensionality based upon
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Scheme 1 Co-ordinative (a—c¢ pendant; d—f bridging) and hydrogen-bonded (b, ¢, e, g—i) con-
tacts observed in complexes containing both 4,4’-bipyridine-N, N'-dioxide and a d-block transition
metal, M. The number quoted is the frequency of observation in a total of 98 examples. For those
systems with a single hydrogen-bonded contact at each end of the 4,4'-bipyridine-N, N'-dioxide
(g), the majority (7) lie across an inversion centre giving a pseudo anti-conformation arrangement
as shown above
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metal centre to L! co-ordinate interactions; thus molecular species are listed first
followed by 1D chains, 2D sheets and finally 3D networks.

2.1 Mononuclear Molecular Species

Examples of mononuclear molecular species (Table 1) range from complexes
containing no metal co-ordinated molecules of L' such as [M(OH,)g] - 2X -
2(L') - 2H,0 1-3 [37, 38], [Co(OH,)4I5] - 2(L') 4 [37] and [M(OH,)4(NO3),] -
2(LY) 5, 6 [39], through to those containing one, [M(L')(OH,)s] - SOy -
4H,0 (7 M = Fe; 8 M = Co; 9 M = Ni) [37, 40, 41], [Cd(L")(OH,)31] -
0.5(L') 10 [40] and [Co(L')(OH;)3(0,NO)] - NO;3 - (L') - H,O 11 [37], two,
[M(L')2(H20)2{N(CN)>},] (12 M = Mn; 13 M = Co; 14 M = Cd) [42,43], four,
[M(L")4(OH,),]-2X-2H,0 (15 M = Mn; 16 M = Co) [44], and six, {M(L!)¢]-2X
17M =Cu; 18 M =Cu; 19 M =Zn; 20 M = Cd; 21 M = Co) [38,39,45,46]. In
1-6 the molecules of L! are located in the lattice via hydrogen-bonding interactions
to co-ordinated water molecules (Scheme 1h, i), while 7-21 incorporate L! as
mono-co-ordinated pendant molecules (Scheme 1a—c). Two examples (10, 11) con-
tain both types of binding interactions, i.e. directly bound to metal cations as well as
hydrogen-bonded (Scheme 1i, g, respectively) to co-ordinated water. The extended
structures of these species are typified by those of 3 (Fig. 1a) [38], 7 (Fig. 1b) [40],
13 (Fig. 1c) [42], 15 (Fig. 1d) [44] and 17 (Fig. le) [38]. Hydrogen-bonding
O-H---O between the [M(OH2)6]2+ cations and un-co-ordinated L! in 1 (Fig. 1a;
Scheme 1h) results in the construction of a 2D sheet. These sheets are further
linked through water --- water O-H--- O and water- - - anion O-H - - Cl hydrogen-
bonds to generate a 3D supramolecular structure. Intermolecular water---L!
O-H--- - -O hydrogen-bonds between [M(L')(OH,)s]*>* cations in 7 (Fig. 1b;
Scheme 1c) together with aromatic T—7 stacking interactions afford a 1D ladder
motif. These ladders are further linked through water- - - water and water- - - anion
O-H- - - O hydrogen-bonds to generate a 3D supramolecular structure. Intermolec-
ular water---L! O-H---O and water—[N(CN),]?>~ O-H---N hydrogen-bonds be-
tween [M(L')(OH,)2[N(CN),] moieties in 12 (Fig. Ic; Scheme 1b) give a 2D
sheet construction. Aromatic stacking interactions between pyridyl moieties lead
to super-positioning of the layers and formation of a 3D supramolecular net-
work. Intermolecular water---L! O-H---O hydrogen-bonds between the cations
[M(L")4(OH;),]** in 15 (Fig. 1d; Scheme 1b) together with aromatic stacking
interactions result in the construction of a 3D diamondoid network. The basic
molecular unit of 17 (Fig. le; Scheme 1a) is a [Cu(L')g]** cation in which six
pendant molecules of L! co-ordinate a Cu(Il) centre. Packing of these cations
via aromatic -7 stacking interactions gives a 2D sheet structure of bilayer ap-
pearance with pseudo-3° topology. The sheets align in an eclipsed fashion through
aromatic stacking interactions to give an AAA packing motif within which there
are triangular channels occupied by counterions.
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d e

Fig. 1 Views of the supramolecular extended structures of a {{Cu(OH;)g] - 2C1-2(L') - 2H,0}.,
3 [38], b {[Fe(L!)(OH,)s] - SO4 - 4H,0%}.. 7 [40], ¢ {[Co(L1)5(Hy0)2{N(CN),},]}ee 13 [42],
d {[Mn(L!)4(OH,),] - 2C10y4 - 2H,0%.. 15 [44] and e {[Cu(L!)g] - 2CIO4 }.. 17 [38]

2.2 Multinuclear Molecular Species

There are 5 examples of multinuclear molecular species (Table 1), 3 of which
are binuclear, {[Zn,(u-4,4’-bipy),(u-Habptc)s] - (L')}e (Hybpte = 3,3/,4,4'-
biphenyltetracarboxylic acid) 22 [47], [{Cu(OHy)a(L")}2(u-L"),] - 2SiFs - n(solv)
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23 [45] and [{Cu(OH,)Cly(L")}2(n — L1)]- 2dmso 24 [48]}, one trinuclear,
{[{CH(LI)Q(OHz)Q}{(M—LI)(Cu(Ll)z(OHg)z}z] . 6C104 . 2(L1) -6H20 25 [38]},
and one tetranuclear {[{Cur{L?)(u-OH)},(u-L')] - 4ClO4 - 1.33H,0 (L? =
2,6 — bis[N — 2-pyridylethyl)formimidoyl]phenolate] 26 [49]}. Bridging L' lig-
ands only occur in complexes 23-26. In 22 [47], non-co-ordinated guest molecules
of L! are located by O-H---O hydrogen-bonds (Scheme 1g) in a series of
1D channels within the {[Zny(u-4,4" — bipy),(U-Habptc)z]},, framework. The
binuclear species [{Cu(OH,)Cly(L')}2(u-L')] in 24 [48] is comprised of two
crystallographically related [Cu(OH,)Cly(L')] moieties linked by a bridging L'
which adopts an anti-conformation (Scheme 1d) and is located across a centre
of inversion (Fig. 2a). A similar, but less common arrangement is observed in

\

Mk

Fig. 2 Views of a the binuclear complex [{Cu(OH2)Cly(L')},(u-LY)] in 24 [48], b
the binuclear cation[{Cu(OH,)2(L")},(-L')2]>" in 23 [45], ¢ the trinuclear cation
[{Cu(L")2(OHy )2 }{(u-L")(Cu(L")2(0OH,)2 1,10 in 25 [38] and d the tetranuclear cation
[{Cua {L?) (-OH) }, (u-LN)J** in 26 [49]
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binuclear [{Cu(OH,)a(L")}2(u-L")2]*>" 23 [45], where two crystallographically
related [Cu(OH, ) (L!)] moieties are linked by two molecules of L! crystallograph-
ically related through an inversion centre (Fig. 2b). This is the only example of a
“double-bridge” abstracted for this review, although the double-bridge is a common
arrangement in lanthanide co-ordination polymers [30]. In 23 [45], the bridging L!
molecule adopts a conformation that is almost midway between anti- (Scheme 1d)
and syn- (Scheme 1f) with an <M---O---O---M torsion angle of 74°. This most
unusual conformation (a complete list of <M:--O---O---M torsion angles is given
in Table 1) is probably due to L! forming part of the double-bridge. The trinuclear
cation [{Cu(L")2(OHy), H{ (u-L')(Cu(L')2(OH,)2},]%* in 25 [38] has a fishbone-
like motif; it comprises two crystallographically related [Cu(OH, ), (L'),] moieties,
each of which is linked by bridging L' to a central [Cu(OHy)2(L"),] unit that is
located across a centre of inversion (Fig. 2¢). The bridging molecules of L' adopt a
syn-conformation (Scheme 1f), while the non-co-ordinated lattice L! (Scheme 1 g)is
held in position, parallel to the bridging L! molecule, by both water---L'O-H---O
hydrogen-bonds and aromatic stacking interactions. Adjacent fishbone units are
linked by aromatic T—m stacking interactions to form a 2D sheet of 4* topology.
The tetranuclear cation {[{Cus{L?)(u-OH)}(u-L")]** in 26 [49] comprises two
crystallographically related [Cuy{L?)(u-OH)] complexes linked by a bridging L'
located across a centre of inversion (Fig. 2d). The bridging L! molecule necessarily
adopts the anti-conformation (Scheme 1d).

2.3 1D 4,4'-Bipyridine-N,N'-Dioxide Bridged Chains

Examples of 1D chain polymer complexes incorporating L' (Table 1) are typ-
ified by {[FeCls3(u-L")]} e 27 [45], {[{M(hfac),}(u-L")]}e (hfac = hexafluo-
roacetylacetonate) (28 M = Co; 29 M = Cu) [50], {[Mn(u-L")(p-0x)]}e 30 [51],
{[{M(H,0)4}(u-L")] - 2C104 - 2(LN)}oe (31 M = Co; 32 M = Ni; 33 M = Cu;
34 M = Zn) (38, 52], {{{Mn(H20)a4}(u-L")] - 2[Cr(bipy)(0x)2] - 8H20 35 [53],
{[{Cu(H0){N(CN)2}2} (u-L)]} (36) [42], { {M(H20)2 } (u-L') (1-C4H404)] }oo
(37 M = Mn; 38 M = Zn) [54], {[Cu(u-L")(u-4,4" — bipyridine)] - 2C104 - (L") -
2H,0}.. 39 [38] and {[Cu(L!);(CH30H);)(u-L")] - 2(PFg)} 40 [45]. They all
comprise alternating metal centres and molecules of L! (Fig. 3a). With just two
exceptions, L! lies across inversion centres giving <M---O---O---M torsion an-
gles of 180°; the exceptions deviate little from the ideal anti-conformation with
<M---0---0O---M torsion angles of 169.2° (35) and 163.1°(36). The remaining
co-ordination sites are occupied either by anions alone (27-30), solvent molecules
alone (31-35), a mixture of solvent molecules and anions (36-38) or a mixture of
ancillary ligands and anions (39). In one case (40), pairwise pendant L' molecules
are attached to each metal centre forming a fishbone-like structure.

Formation of these extended chain structures is highly dependent upon the ancil-
lary ligands. Those containing solely co-ordinated chloride (27) or hexafluoroacety-
lacetonate (28, 29) simply align parallel to one of the crystal axes with minimal
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Fig. 3 Views of a the 1D chain of alternating metal centres and L' bridging lig-
ands in {[FeCl3(n-L")]}.. 27 [45] and the 2D sheets with pseudo-4* topology in b
{[{Mn(H0), } (u-L") (u-C4H404)]}.., 37 [54], ¢ {[{Cu(H20)4 } (u-L")] - 2C104 - 2(L1) },, 33 [38],
d {[{Cu(H0){N(CN)>}, }(u-L1)]}- 36 [421, e {[Cu (w-L')(n-4, 4" bipyridine)] - 2CIOy - (L) -
2H,0}., 39 [38] and f {[Cu(L!),(CH30H),)(u-L")] - 2(PFg)}., 40 [45]
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van der Waals interactions. However, for those containing co-ordinated oxalate (30)
or succinate (37, 38), the anions also act as bridging ligands giving rise to 2D sheets
with pseudo-4* topology (Fig. 3b). 2D sheets with pseudo-4* topology also arise
in those materials containing co-ordinated water molecules. Whereas in 31-34,
water---L! O-H---O hydrogen-bonds link the chains (Fig. 3c), in 36 the chains
are linked by water---[N(CN),]~ O-H---N hydrogen-bonds (Fig. 3d). A similar
pseudo-4* grid is also found in the structure of 39, where the L'-bridged chains are
linked by 4,4'-bipyridine molecules (Fig. 3e). For 40, in which both co-ordinated
methanol and pendant L! molecules are present, the chains pack in a parallel fashion
such that the non-co-ordinated oxygen atoms of the pendant L' molecules from ad-
jacent chains act as hydrogen-bonding acceptors to the OH groups of co-ordinated
methanol to form another 2D grid with pseudo-4* topology (Fig. 3f); further aro-
matic interactions between the pendant molecules of L' support the formation of
this grid.

2.4 2D 4,4'-Bipyridine-N,N'-Dioxide Bridged Sheets

There are a limited number of examples of 2D sheet constructions based on L!-
bridged transition metal centres (Table 1). These generally form grids that are
comprised of subnet-tectons [30] of 3%, 4* or 67 topologies. 3°-Grids are found
in {{M(u-L')3] - 2X}e (41 M = Mn; 42 M = Cu) [45] with each six-co-ordinate
distorted octahedral metal centre linked to six crystallographically related metal
centres through bridging molecules of L! (Fig. 4) to form layers that are stacked
in an eclipsed arrangement through aromatic ©—7 stacking interactions. Two of
the ligands L' adopt an anti-conformation (Scheme 1d) with the others in a syn-
conformation (Scheme 1f; Fig. 4). Such grids remain relatively rare with only 7
examples having been described [45,56-61].

2D grids of 4*-topology are the principal architectural feature in {[{Cd(ONO,),}
(u-L")2] Yo 43 [45], {[{Cu(OH2) }(u-L")2] - S206 - H2 O} 44 [41], {[{Cu(OHMe), }
(-L')2] - 2ZrFs oo 45 [45], {[Eu4N][{Cu(OHMe)o 5} (1-L')> (1-FSiFs)o.s] - 2SbF -
n(solv)}. 46 [45] and {[{Cu(L')2}(u-L")5]-2X}. (47 X = PF; ; 48 X = SbF;)
[45]. Typical examples, 43 and 45 [45], are shown in Fig. 5a, b, respectively.
The four bridging molecules of L!, which occupy the equatorial positions of
the octahedral (43, 45-48), or the basal positions of the square pyramidal (44)
co-ordination spheres, adopt the anti-conformation (Fig. 5b; Scheme 1d), the ex-
ception being that in 43, which adopts a syn-conformation (Fig. 5a; Scheme 1f)
with a <M---O---O---M torsion angle of 36.8°. The axial co-ordination sites of
the distorted octahedral co-ordination spheres are occupied by either NO3 anions
(43), methanol molecules (45) or pendant L' molecules (47 and 48), while those of
the Cu(Il) centre in 46 are occupied by a SiF%’ anion and a slightly more remote
methanol solvent molecule. The apical co-ordination site of the distorted square
pyramidal Cu(II) co-ordination sphere in 44 is occupied by a water molecule. These
axial and apical ligands serve to generate extended 3D structures. In 43, the layers
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. e g%
S

SRS

Fig. 4 View of the 2D 3° grids in {[Cu (u-L!)3]-2BF,},, 42 [45]

align along the a-axis in a staggered arrangement through aromatic -7 stacking
interactions to give an AB packing mode with the axially located NO5 anions
interdigitated in the centre of the rectangular cavities of the adjacent sheets. In 44,
the 4* sheets are linked via O-H - - - O hydrogen-bonds between co-ordinated water
molecules and dithionate anions. In 45, the sheets are polycatenated with a dihedral
angle of 82.1(1)°. The resultant 3D architecture is further interpenetrated by a 1D
{[Z1Fs]" }., chain, which runs through channels in the structure to form a most
unusual triply intertwined co-ordination polymer (Fig. 5c¢) [45, 62—64]. In 47 and
48, the 2D sheets are aligned parallel such that the pendant ligands L' from adjacent
sheets form aromatic stacking interactions to give a 3D matrix architecture. In 46
2D sheets are linked by bridging bidentate [SiFg]?>~ anions to give a pillared layer
structure stacked along the c-axis as shown in Fig. 5d. The 3D extended structure of
46 is based upon a 5-connected metal centre and linear N, N'-dioxide and [SiFs)?~
linkers to give an overall 4*6% topology.

Thus far, only one grid with 6 topology, that in {[{Zn(CH30H),(L") }(u-L1) 5]-
0.5L!- SiFg - 3MeOH}.., 49 [46], has been described (Fig. 6) in which octahedral
Zn(II) centres are bridged by L! to form a 6 brickwall net. One of the L' bridges
lies across an inversion centre and thus necessarily adopts an anti-conformation
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Fig. 5 Views of the 2D 4%grids in a {[{Cd(ONO,),}(u-L!),]}., 43 [45] and b
{[{Cu(OHMe), } (u-L!),] - 2ZrFs}., 45 [45]. ¢ Unusual triply intertwined co-ordination net-
work in {[{Cu(OHMe),}(u-L')y] - 2ZrFs}., 45 [45]. d Linking of the 4* sheets in
{[Et4N][{Cu(OHMe) 5 } (u-L')2(u-FSiFs)g.5] - 2SbFg - n(solv)},, 46 [45] by [SiFs]?>~ anions to
give a 3D matrix of five-connected 4*6° topology

(Fig. 6; Scheme 1d), while the other adopts a syn-conformation (Fig. 6; Scheme 1f)
witha <M---O---O---M torsion angle of 56.4°. By forming water---L! O-H---O
hydrogen-bonds with the co-ordinated water molecules, the non-co-ordinated
molecules of L! (Scheme 1g) modify the 2D framework by connecting the nodes at
the centres of the long sides of the brickwall rectangles and convert the 6> grid into
a pseudo-4* grid (Fig. 6). Furthermore, the pendant molecules of L! (Scheme 1b)
link the sheets through aromatic m—7 stacking interactions to construct a 3D open
network.
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b t

Fig. 6 View of the 2D 67 grids in {[{Zn(CH3O0H),(L")}(u-L"); 5] -0.5L! - SiFs - 3MeOH}, 49
[46]

2.5 3D 4,4'-Bipyridine-N,N'-Dioxide Bridged Frameworks

Five examples of this type of 3D co-ordination polymer have been described
(Table 1) [41,55]. They fall into two groups, which are topological isomers and, fol-
lowing our earlier analysis [30-35], both structures can be thought of as a series of
parallel 4* subnet-tectons with each metal centre linked to two other metal centres in
both adjacent nets. In {[Sc(u-L')3]-3X}. (50 X = NO;'; 51 X = CIO; ) (Fig. 7a)
[55], the molecules of L' bridge Sc(IIl) centres, which are located on crystallo-
graphic —3 (Sg) positions, to form a rhombohedral array of 41263 (0, -Po type) topol-
ogy (Fig. 8a). In {{M(u-L")3] -S04 - 7CoH5OH}.. (52 M = Co; 53 M = Ni) [41],
and {[Sc(u-L")3] - 3CF3S0s3 - 2.7CH;0H - 3H,0}.. 54 [55] (Fig. 7b), L' bridges
Sc(II) centres in a much less symmetrical fashion to give a criss-crossed structure
that has displaced linkages between parallel 4* subnet-tectons to give a 436°8 topol-
ogy (Fig. 8b). Although the crystallographic symmetry of the structures of 50 and
51 necessitates the adoption of anti-conformation for all molecules of L!, both anti-
and syn-conformation L! molecules occur in 52-54 with <M---O---O---M tor-
sion angles of the syn-conformation in the L' bridges ranging from 33.3 to 44.8°
(Table 1).
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a b

Fig. 7 Views of the 3D structures of a {[Sc (u-L')3]-3X}., 50 [55] and b {[Sc (u-L!)3]-3CF3S0; -
2.7CH30H -3H,0}, 54 [55] illustrating the channels that accommodate anions and other guest
molecules

Fig. 8 Schematic representations of the structures of a {[Sc(u-L')3] - 3X}.. 50 [55] and b
{[Sc(u-L1)3] - 3CF3S0; - 2.7CH30H - 3H,0}, 54 [55] illustrating their 41263 and 436°8 topolo-
gies, respectively

3 Synthetic Methodologies

Genuine targeted and designed synthesis of L!'-bridged transition metal co-
ordination polymers has yet to be achieved. Nonetheless, considerable progress has
been made. It is clear from the structural analyses of isolated materials that it is nec-
essary to avoid aqueous solutions and strongly co-ordinating anions such as halide,
nitrate, dicyanamide and hexafluoroacetylacetonate when targeting 1D chains, 2D
sheets and 3D networks. Transition metal cationic centres readily bind water and an-
ions to the exclusion of L! resulting in molecular rather than polymeric species. The
formation of extended framework structures depends upon supramolecular interac-
tions, particularly water- - -L! O-H - - - O hydrogen-bonds and aromatic m—m stacking
between L' pyridyl moieties. Consequently, the synthesis of the multidimensional
L!-bridged transition metal co-ordination polymers considered in this review has
involved reaction between L! and transition metal tetrafluoroborates, perchlorates,
hexafluorophosphates and hexafluoroantimonates in low molecular weight alcohols,
typically methanol or ethanol. Reaction stoichiometry does not seem to be as impor-
tant as anion choice in determining framework formation. For example, in our own
experience [45], reaction of L! with a series of Cu(II) salts in an equimolar ratio
in methanol yields products with diverse L': Cu(IT) molar ratios ranging from 2:1
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in {[{Cu(OH,)> (L) }2(u-L")5] - 2SiFs - n(solv) }e 23, {[{Cu(OHMe),}(u-L'),] -
ZZI‘FS}(,Q 45 and {[EI4N][{CU(OHMG)O'S}(M—LI)2(M—FSiF5)0_5] ZSbF6 'H(SOIV) 3
46, through to 3:1in [{Cu(L"),(CH30H);)(u-L")] - 2(PF¢) }. 40 and {[Cu(u-L');]-
2BF,}.. 42, 4:1 in {[{Cu(L")2}(u-L1)2] - 2(PF¢)}47 and {[{Cu(L")2}(u-L1),]-
2(SbFg)}. 48, and to 6:1 in [Cu(L')¢] - 2BF4 18. In some cases, the crystalline
product is only obtained after modification of, or in situ production of the an-
ion [45]. Thus, crystallisation of 45 depends upon the conversion of [ZrFG]Z’ into
{[ZrFs] ™}, while crystallisation of 46 is linked to the formation of [SiFg]>~ by
fluoride attack of the pyrex vessel following hydrolysis of [BF4]~. The choice of
metal centre is less important than the choice of anion, as illustrated by the fact that
analogous 1D chains {[M(u-L')(H,0)4] - 2C104 - 2(L") }.. were formed for Co(IT)
31, Ni(I) 32, Cu(Il) 33 and Zn(IT) 34 from aqueous solutions containing L' and
transition metal perchlorate in a 2:1 L':M molar ratio [52]. Different products can
be obtained by altering either the cation charge and/or reaction media [45, 55]. For
example, methanolic solutions containing L! and either Mn(II) or Sc(III) perchlo-
rate yield the 2D 3° grid {{Mn(u-L!)3]-2ClO4}.. 41 or the 3D o-Po framework
{[Sc(u-L")3]-3Cl04 }.. 51, respectively.

4 Co-ordination Behaviour of 4,4’ -Bipyridine-N, N'-Dioxide
with Transition Metals

As noted earlier, 4,4" -bipyridine-N,N’-dioxide fulfils three roles in these polymeric
materials. Of the 98 molecules of L! in these d-block complexes, there are 42 bridg-
ing molecules, 36 pendant ligands and 20 non-co-ordinated hydrogen-bonded lat-
tice molecules. These are listed in Table 1 together with their symmetry, if any,
with the dihedral angle between pyridine-N-oxide rings. For co-ordinated L!, the
<N-O-M angle and the distance of the metal cation from the plane of the co-
ordinating pyridine-N-oxide are included as are, for the bridging molecules of L!,
the M ---M distance and <M---O---O---M torsion angle.

By far the majority of the bridging molecules of L! (32) adopt an anti-
conformation (Fig. 9). Of these, 90% lie across a crystallographic inversion centre
giving an <M---O---O---M torsion angle of 180°; for the others the minimum
<M:--0---0O---M torsion angle is 163.1°. The 11 examples that adopt the syn-
conformation have <M---O---O---M torsion angles that vary from 21.4 to 74.0°.
Interestingly, of these 11 examples, 4 occur in multinuclear molecular species
and the 74.0° angle is unique owing to the fact that it occurs for the two L!
molecules that form the double-bridge between Cu(Il) centres in the binuclear cation
[{Cu(OH,), (L) }2(u-L")5]** in 23 (Table 1; Fig. 2b) [45]. The preponderance of
the anti-conformation in these compounds contrasts markedly with the situation
observed for lanthanide compounds [30-35, 65] for which the number with the syn-
conformation exceeds that of the anti-conformation by a factor close to 3 (Fig. 9).
This is probably due to the fact that double-bridges are common in lanthanide



Supramolecular Chemistry of 4,4'-Bipyridine-N, N’-dioxide in Metal Complexes 155

30
25 -
O d-block metals
B f-block metals
20 -
P
Q
5
515 —
e
1

10

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
<M:--O--O---M torsion angle/degree

Fig. 9 Frequency of occurrence of L! bridged complexes of d- and f-block metal ions as a function
of <M:--O---0O---M torsion angle

structures [30, 32-35, 65] but extremely rare in d-block transition metal chemistry,
the only example being that in 23 [45].

Despite the fact that the data quoted in Table 1 for co-ordinated L! cover both a
wide range of pendant and bridging molecules in both syn- and anti- bridging con-
formations with a wide variety of d-block transition metal centres, it is possible to
identify some trends in the co-ordination behaviour of L'. The <M---O-N angle
(0) ranges from 107.9 to 132.7° with an average of 124.9°, suggesting sp” hybridis-
ation of the N-oxide oxygen as shown in Scheme 1. However, the metal cation is not
co-planar with the pyridine N-oxide as would be expected if the oxygen p, orbital
interacts with the t-system of the pyridine ring. In fact, the perpendicular distance
of the metal cation from the plane of the pyridine N-oxide (d) varies from 0.15 to
2.42 A with an average of 1.28 A. Consideration of the data (Table 1) shows that a
correlation exists between 0 and d. As shown in Fig. 10, 6 generally decreases as
d increases. This suggests that the T -interaction between the oxygen p, orbital and
the 7 -system of the pyridine ring is counterbalanced by steric interactions between
the metal centre and the hydrogen on the o-carbon, which forces the metal cation
out of the plane of the pyridine N-oxide. The calculated M - - - H distance for a copla-
nar system (2.64 A) assuming a typical M- - - O distance of 2.1 A corresponds to the
minimum van der Waals M- - - H separation for a d-block transition metal-hydrogen
contact calculated using Bondi’s van der Waals radii (Zn---H, 2.59 A) [66]. Thus,
a compromise appears to exist between the T-interaction and this steric clash. The
nearer the metal centre is to the plane of the pyridine ring (i.e., as d decreases), the
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Fig. 10 Variation in the <M ---O-N angle () in d-block metal complexes as a function of the per-
pendicular distance of M from the pyridine-N-oxide plane for all bridging and pendant molecules
of L!

greater will be the steric interaction, which can only be relieved by an increase in
the value for 6.

Interestingly, the distribution of values of 0 for lanthanide compounds [65], al-
though similar to that for the d-block compounds (Fig. 11), has a higher average
value (132.1° c.f., 124.9°). A similar pattern emerges for the distribution of d val-
ues (Fig. 12; 1.44 A c.f. 1.28 A). Although the increased average d value for the
lanthanide compounds can be attributed to the increased size of the metal cation
[Ce3*(1.07A)-Lu**(0.85 A); Mn>*(0.91 A-Ni**(0.78 A)] [67], this is not the case
for the increase in average 6 value, which can be partially attributed to an increased
electrostatic contribution to the lanthanide to N-oxide interaction.

Assuming comparable M - - - O distances for the different d-block transition met-
als (ca. 2.1 A), M---M separations might be expected to decrease with decreasing
<M:--0---O---M torsion angle giving shorter separations for syn-conformation
compared to anti-conformation L! bridges. Considering syn-conformation L!
bridges only (<M---O---O---M torsion angle <75°), the observed M---M sep-
arations do indeed decrease with decreasing <M:--O---O---M torsion angle
(Fig. 13), with the exception of those in 23, which form the double-bridge in the
binuclear cation [{Cu(OHy)y(L!)},(u-L')2]**, which has an abnormally short
M- .-M separation [45].

Somewhat surprisingly, the M---M separations in complexes containing syn-
bound L' fall in a similar range (~11.9-12.7A) to those for anti-conformation
L! molecules (~11.8-13.0A). For complexes incorporating anti-conformation L'
molecules the variation in M---M separations can be related to the variation in
<M---O-N angles. As shown in Fig. 14 for those anti-bridging molecules of L!
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that lie across inversion centres (i.e., <M---O---O---M torsion angle = 180°), the
M- --M separation increases with increasing <M ---O-N angle, following the line
calculated assuming the O---O and O---M separations to be constant at 9.7 and
2.1 A, respectively.

As noted earlier, many of the anti-conformation bridging molecules of L! lie
across inversion centres. Not only does this result ina <M---O---O---M torsion
angle of 180° but also a parallel arrangement of the two pyridine-N-oxide rings with
a dihedral angle between the corresponding least squares planes of 0°. In contrast, all
of the pendant molecules of L!, all of the syn-conformation bridging L' molecules
and the remainder of the anti-conformation bridging L! molecules are twisted about
the central C—C bond with dihedral angles of up to 34.4° (average 16.5°), 32.0 (av-
erage 18.1°), and 38.1° (average 25.1°), respectively. The molecules of L' located
in the lattice by hydrogen-bonding interactions adopt geometries similar to those of
the metal-bridging L! molecules in an anti-conformation. They exhibit very small
dihedral angles (maximum 8.6°; average 1.91°) with a large proportion (60%), par-
ticularly type g and type i (Scheme 1), lying across inversion centres.

5 Conclusions

4,4'-Bipyridine -N, N’-dioxide (L') exhibits enormous flexibility as a supramolec-
ular linker and can co-ordinate to metal cations or act as hydrogen-bond acceptors
via its O-centres, and/or form aromatic -7 stacking interactions via the pyridine-
N-oxide rings. To encourage multidimensional architecture construction it is nec-
essary to avoid competing aqueous solutions and strongly co-ordinating anions as
transition metal cationic centres readily bind water and anions to the exclusion of
L!, resulting in molecular rather than polymeric species. Thus, the formation of
extended frameworks is dependent upon supramolecular interactions, particularly
water---L! O-H---O hydrogen-bonds and aromatic —r stacking between L! pyri-
dine moieties. Consequently, the synthesis of multidimensional L!-bridged transi-
tion metal co-ordination polymers has generally involved reaction between L! and
salts of weakly co-ordinating anions in low molecular weight alcohols.

The co-ordinate L'—transition metal interaction is based on an sp® hybridised
oxygen but the T -interaction between the oxygen p, orbital and the aromatic ring is
so weak that the oxygen lone pairs can be twisted out of the plane of the pyridine-N-
oxide by a steric clash between the metal centre and the a -hydrogen of the pyridine
ring. As aresult, <M - - - O-N angles increase with decreasing perpendicular distance
of the metal from the plane of the pyridine-N-oxide.

In contrast to the situation for L!-bridged lanthanide co-ordination polymers
[65], where the bridging L! molecules predominantly (ca. 75%) adopt a syn-
conformation, by far the majority of the bridging L' molecules (ca. 75%) in
L!-bridged d-block metal co-ordination polymers adopt the anti-conformation.
This difference is attributed to the fact that “double-bridges” are common in lan-
thanide structures [30-35, 65] but extremely rare in d-block complexes. Although,
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contrary to prediction, M---M separations for complexes incorporating anti- and
syn-conformation bridging ligands fall in similar ranges, the M---M separations
in complexes incorporating L! ligands in an anti-conformation are related to the
<M ---0O—N angles, the parameters increasing together as predicted by simple geo-
metrical analysis. For complexes incorporating syn-bound ligands of L!, the M - --M
separation correlates in part to the <M---O---O---M torsion angle.
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